Biodiesel from microalgae by Aullón Alcaine, Anna
 
Royal School of Technology 
Kungliga Tekniska Högskolan 
 
 
 
 
 
 
 
 
 
 
  
Biodiesel from Microalgae  
 
Final Degree Project 
 
25/01/2010 
 
Anna Aullon Alcaine 
 
Chemical Engineering & Technology 
Coordinator: Dr. Rolando Zanzi 
Stockholm, Sweden 2010 
2 BIODIESEL FROM MICROALGAE 
Abstract 
 
In this project we will travel back in time to the nineteenth century to discover the inventor 
of the diesel engine, Rudolf Diesel, and his renewable fuel vision that is only now being 
realized. Biodiesel has received considerable attention in recent years as it is 
biodegradable, renewable and non-toxic fuel. It emits less gaseous pollutants than 
conventional diesel fuel, and can work directly in diesel engines with no required 
modifications. The most common way to produce biodiesel is by transesterification of the 
oils with an alcohol in the presence of a catalyst to yield fatty acid methyl esters and 
glycerin.  The production of biodiesel from rapeseed oil and ethanol was experimented in 
the laboratory and results are discussed.  
The use of microalgae as a source of biofuels is an attractive proposition from the point of 
view that microalgae are photosynthetic renewable resources. They produce oils with high 
lipid content, have fast growth rates and are capable of growth in saline waters which are 
unsuitable for agriculture. 
The most important algae in terms of abundance are Diatoms, green algae, golden algae 
and Cyanobacteria (prokaryotic microorganisms). These ones are also referred to as 
microalgae in this project. Green algae and diatoms are the most used for biofuels 
production, because of their high storage of lipids in oil composition.  
This project provides an overview in the production of biodiesel from microalgae including 
different systems of cultivation such as open ponds and closed Photobioreactors, the 
methods of harvesting biomass and extracting the oil content.   
Microalgae have the ability to fix CO2 while capturing solar energy more efficiently than 
terrestrial plants and produce biomass for biodiesel production. Carbon mitigation offers an 
opportunity for reducing greenhouse gas emissions.    
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1. Introduction 
 
Biodiesel is an attractive fuel for diesel engines that it can be made from any vegetable oil 
(edible or non edible oils), used cooking oils, animal fats as well as microalgae oils.  
It is a clean energy, renewable, non toxic and sustainable alternative to petroleum based 
fuels, and it is able to reduce toxic emissions when is burned in a diesel engine. 
The interest of this alternative energy resource is that fatty ester acids, known as biodiesel, 
have similar characteristics of petro-diesel oil which allows its use in compression motors 
without any engine modification. The problem is that biodiesel has viscosities 
approximately twice those of conventional diesel fuels.  
Therefore, biodiesel esters can be used directly or blended with petro-diesel. These blends 
are denoted by acronyms such as B20, which indicates 20% blend of biodiesel and 80% of 
petro-diesel. B20 is the most popular blend because of the good balance cost, lower 
emissions than petro-diesel, and weather cold performance.  B100 is denominated pure 
biodiesel at 100%. These blends are used to minimize the different properties between 
biodiesel and conventional diesel fuel.  
The typical lipid feedstock for biodiesel production is refined vegetable oil. Thus, rapeseed 
and sunflower oils are used in the European Union, palm oil is predominated in the tropical 
countries, soybean oil and animal fats are the major feedstock in the United States.  
The actual process for making biodiesel was originally developed in the early 1800s and 
has been basically remained unchanged.  
Industrial production has focused on transforming vegetable oils into a mixture of fatty acid 
esters by a process described as transesterification of the triglycerides with alcohol. It is 
used a catalyst to speed up this reaction to the right side and to obtain high biodiesel 
yields. Methyl or ethyl esters are obtained, with much more similar properties to those of 
conventional diesel fuels. The main by-product obtained is glycerin.    
The most common alcohol used for biodiesel production is methanol because of the good 
price and good conversion rates, but other alcohols can be used, such as plant based 
ethanol, propanol, isopropanol and butanol.  
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In order to decrease greenhouse gas emissions from industrial combustions and 
transports, biodiesel demand is constantly increasing, but oil crops are not able to satisfy it 
because of their high cost of performance. This high cost is due to the competition of 
biofuels with the food industry.   
Microalgae are photosynthetic microorganisms that convert sunlight, water and carbon 
dioxide to sugars, from which biological macromolecules, such lipids, can be obtained. 
They have been suggested as very good candidates for fuel production because of their 
advantages of higher photosynthetic efficiency, higher biomass production and faster 
growth compared to other energy crops.  
This project is divided in four parts: Introduction, theoretical part, experimental part and 
conclusions. In the theoretical part is explained the origin and definition of biodiesel, the 
large scale production and raw materials used in the process, the Standard Specification 
and biodiesel properties, the benefits and disadvantages to produce biodiesel from crops, 
and the aim of this project is related to microalgae as a second generation feedstock for 
biodiesel production.  
In the experimental part is described the production of biodiesel with Rapeseed oil, ethanol 
and alkali catalysts as raw materials. This part was carried out in small scale production of 
biodiesel in the laboratory. 
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2. Theoretical Background 
2.1 Biodiesel Definition 
 
Biodiesel is an attractive renewable fuel for diesel engines that is made from new 
vegetable oils, animal fats or waste cooking oils. In addition to being biodegradable and 
non-toxic, is also essentially free of sulfur and aromatics, producing lower exhaust 
emissions than conventional diesel fuels.  
Chemically, biodiesel is defined like mono alkyl esters of long chain fatty acids derived 
from renewable bio-lipids. Biodiesel is typically produced through the reaction of a fat or oil 
which contains triglycerides, with an alcohol, in presence of a catalyst to yield methyl 
esters (biodiesel) and glycerin. 
The resulting biodiesel, after its purification, is quite similar to conventional diesel fuels in 
its main features, and it also can be blended with conventional diesel fuel. Blends are 
designated by BXX, where XX is the proportion of biodiesel and conventional diesel fuel. 
For example, B20 means 20% of biodiesel and 80% of petro-diesel. 
In table 1 it is shown the physical and chemical properties of biodiesel. (Demirbas et al. 
2008)  
Table 1: Physical and chemical properties of biodiesel  
Physical and Chemical properties of biodiesel   
Name Biodiesel  
Chemical Name Fatty acid Methyl Ester  
Chemical Formula Range  C14-C24 methyl esters  
Kinematic Viscosity Range 3,3- 5,2  
Density Range 860-894  
Boiling point Range (K) 
Flash Point Range (K) 
>475 
430-455 
 
Distillation Range (K) 470-600  
Vapor Pressure (mmHg at 295K) <5  
Solubility in water Insoluble in water  
Physical appearance Light to dark yellow transparent liquid  
Odor  Light soapy and oily odor  
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Biodegradability  More than conventional diesel  
Reactivity Stable, avoid strong oxidize agents  
 
 
2.2 History 
 
The use of vegetable oils as an alternative renewable fuel competing with petroleum was 
proposed in the early 1800s and is basically the same one used today. Transesterification 
of triglycerides in oils is not a new process. Duffy and Patrick conducted 
Transesterification as early as 1853.  
In 1893 Dr. Rudolph Diesel published a paper entitled “The theory and construction of a 
rational heat engine to replace the Steam Engine and Contemporary Combustion Engine” 
where the original diesel engine was described. In that compressive engine it could be 
burnt any fuel, ignited not by a spark but by an extremely high temperature caused by 
highly compressing the air before injection of fuel into the cylinder. The first diesel engine 
ran on vegetable oil. Rudolf Diesel received a patent in 1893 and demonstrated a 
workable engine in 1897.  
In 1900, a smaller version of Diesel engine was shown at the Paris Exposition. This engine 
was ran in peanut oil to demonstrate the engine‟s ability operating in different based- fuels 
In 1911, Diesel said “The Diesel engine can be fed with vegetable oils and would help 
considerably in the development of agriculture of the countries which use it”.  
The name “biodiesel” has been given to transesterified vegetable oil to describe its use as 
a diesel fuel. Vegetable oils were used in diesel engines until the 1920s. At this time, 
diesel engine manufacturers altered their engines to use the lower viscosity of petro-diesel 
rather than vegetable oil. 
After the energy crisis of 1973, it began in Austria a preliminary discussion to use 
alternative bio-fuels for diesel engines, particularly for farm tractors. Those discussions 
were the impulse for a series of experiments that mixed various vegetable oils with petro-
diesel.  
Several researchers were working to adapt the fuel to the needs of the engine.  
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An organic chemist, Dr. Mittelbach carried out a series of chemical laboratory experiments 
using rapeseed oil for biodiesel production. 
In chemical terms, vegetable oil is usually composed of three fatty acid molecules linked to 
a glycerol molecule, combined at the same way. These fatty acids and glycerol are 
referred to as a triglyceride. (Pahl, Greg 2008) 
Mittelbach relied on a standard chemical process known as transesterification, in which 
vegetable oil, alcohol and a catalyst were mixed, resulting in the removal of glycerol from 
the vegetable oil. The products of the reaction were alkyl esters and glycerin. The purpose 
was to produce biodiesel working in a modern diesel engine without leaving damaging 
internal-engine deposits. Finally, the tests using rapeseed oil had been a technical 
success. However, this oil crop was too expensive to be used for biodiesel, since petro-
diesel prices were much lower. Consequently, he began to look for less expensive 
feedstock, and he soon discovered that there was a large supply of used cooking oil 
available. (Pahl, Greg 2008) 
Biodiesel has been produced on an industrial scale in the European Union since 1992. 
The European Union accounted for nearly 89% of all biodiesel production worldwide in 
2005. Germany is the major producer market with more than half the world total and 
biodiesel is sold at a lower price than fossil diesel fuel.  
To achieve the aim of reducing greenhouse gas emissions from transport, the EU has set 
the goal of obtaining 5.75% of transportation fuel needs from biofuels by 2010 in all 
member states. In March 2007, the European Council adopted as part of the Climate 
Change and Energy Package a 10% binding target for biofuels consumption to be reached 
by 2020.  
Nowadays, there are more than 200 plants in the EU producing up to 16 million t of 
biodiesel annually, there are mainly located in Germany, France, Austria, Italy and 
Sweden. (European Biodiesel Board) 
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2.3 Biodiesel Processing and Production 
 
In order to understand the process, we need to take a close look at vegetable oil. One of 
the main problems with vegetable oil use compared to diesel fuel is its viscosity. This is 
because vegetable oils contain glycerin (sticky substance) in its chemical structure. 
Another problem is associated with lower volatilities causing the formation of deposits in 
engines due to incomplete combustion and incorrect vaporization features. 
Figure 1 shows a schematic diagram of the processes involved in biodiesel production. 
Alcohol, oil and catalyst are combined in an agitated reactor, approx. at 60ºC during 1h. 
Smaller plants often use batch mode reactors, but larger plants use continuous flows 
processes involving continuous stirred-tank reactors or plug flow reactors.  
 
Figure 1: Process flow schematic for biodiesel production 
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2.4 Raw Materials 
 
2.4.1 Lipid sources 
 
Biodiesel can be made from any oil or lipid source. The production of biodiesel is 
influenced by the materials used in the process. Fats and oils contain a glycerol molecule 
bonded to three fatty acid chains, this structure is called a triglyceride, and it is the major 
component of the oil. 
 In general, biodiesel feedstock can be categorized into three groups: Pure vegetable oils 
(edible or non edible), animal fats and waste cooking oils (WCO).  
 Pure vegetable oil: The oil composition from vegetable crops is pure. Most 
liquid plant oils are composed predominantly 18-carbon fatty acids. Oils, 
which tend to be a liquid at room temperature, tend to have more double-
bonds than fats. The major oils of this group are: 
 Rapeseed oil (Canola) 
 Soybean oil 
 Palm oil 
 Sunflower oil 
 Corn 
 Peanut oil 
 Coconut oil 
 Safflower oil 
 Linseed oil 
 Hemp 
 Microalgae oil (non edible) 
 Jatropha Curcas (non edible)  
 Pongamia Pinnata (non edible) 
 Neem oil (non edible) 
 Castor oil (non edible) 
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 Animal fats: Fats, which tend to be solid at room temperature, have shorter 
carbon fatty acids and tend to have fewer double bonds than oils.  
 Sheep Tallow 
 Yellow grease 
 Beef 
 Poultry oil 
 Waste cooking oils: these are also denominated in literatures as waste fried 
oils (WFO). 
 used rapeseed oil 
 used sunflower oil 
 used soybean oil 
 used cottonseed oil 
 used olive oil 
In table 2 it is illustrated the different lipid sources and especially a comparison between 
algae oils production with other oils.  
Table 2: Comparison of algae and different crops for biofuels 
Source Gallons of oil per acre per year 
Algae 5000 -20.000 
Oil Palm 635 
Coconut 287 
Jatropha 207 
Rapeseed 127 
Peanut 113 
Sunflower 102 
Safflower 83 
Soybeans 48 
Hemp 39 
Corn 18 
  
In table 3 it is shown the different plant sources for biodiesel production and a comparison 
between microalgae and other feedstock.  
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Table 3: Comparison of microalgae with other feedstock 
Plant source Seed oil content 
(% oil by wt in 
biomass) 
Oil yield (L 
oil/ha year) 
Land use 
(m
2
year/kg 
biodiesel) 
Biodiesel 
productivity (kg 
biodiesel/ha year) 
Corn 44 172 66 152 
Hemp 33 363 31 321 
Soybean 18 636 18 562 
Jatropha C. 28 741 15 656 
Camelina S. 42 915 12 809 
Canola/Rapeseed 41 974 12 862 
Sunflower 40 1070 11 946 
Castor 48 1307 9 1156 
Palm oil 36 5366 2 4747 
Microalgae (low oil 
content) 
30 58 700 0.2 51 927 
Microalgae 
(medium oil 
content) 
50 97 800 0.1 86 515 
Microalgae (high 
oil content) 
70 136 900 0.1 121 104 
 
2.4.2 Alcohols 
 
The most commonly alcohol used in biodiesel production is methanol, although other 
alcohols for example, ethanol, isopropanol and butyl, can be used. 
Methanol is produced by a variety of processes, the most common of which is the 
distillation of liquid products from wood and coal, natural gas and petroleum gas. 
Ethanol, also called ethyl alcohol, is a volatile, flammable, colorless liquid of strong 
characteristic odor. It is mainly produced from biomass bioconversion and fermentation of 
sugars and starches. 
Methanol is considerably easier to recover than ethanol. Ethanol forms an azeotrope with 
water so it is expensive to purify ethanol during recovery. If water is not completely 
removed it will interfere in the reactions causing soap formation. Even methanol is more 
toxic, it is preferred alcohol for producing biodiesel because yields of methyl esters are 
higher than ethyl esters as well as separation of glycerin is better.  
Ethanol used for biodiesel production has to be extremely dry, at least 99% to obtain high 
yields.  
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In table 4 it is shown the physical properties of ethanol and methanol used in biodiesel 
production.  
Table 4: Physical properties of alcohols related to transesterification 
Name Specific gravity 
(g/mL) 
Melting point (K) Boiling point (K) Solubility (<10%) 
Methanol 0.792 176.2 337.9 H2O, ether, EtOH 
Ethanol 0.789 161.2 351.6 H2O, ether 
 
2.4.3 Catalysts 
 
Transesterification is catalyzed by acids, alkalis and lipase enzymes. The catalysts are 
used to accelerate the reaction to the right side. The concentration of catalyst is directly 
related to the yield; in excess the one promotes reverse reactions, while low catalyst 
concentration results in limited process evolution. (Samios et al. 2009) 
Here are briefly explained acid and alkali catalysts because alkali are most common used 
in pure vegetable oils and acid catalyst in animal fats and microalgae oils.  
 Alkali catalyst 
The most used is alkali-catalyst, such as Sodium hydroxide (NaOH) and Potassium 
hydroxide (KOH), both used in concentration from 0.4 to 2% w/w of oil. Alkali catalyst gives 
high conversion levels in short reaction time and is not so expensive. But it has to be 
avoided when there is a presence of free fatty acids in the oil.  
In the alkali catalytic transesterification method, the catalyst is dissolved into the alcohol by 
vigorous stirring and heat. The oil is transferred into a biodiesel reactor and the 
catalyst/alcohol mixture is pumped into the oil. The final mixture is stirred vigorously for 
two hours at 340K in ambient pressure.   
 Acid catalyst 
In the acid catalyst, Transesterification reaction is much slower than alkali but is more 
suitable for triglycerides that have a higher quantity of free fatty acids and water presence. 
When the FFA value is more than 5%, the formation of soap inhibits the separation of 
methyl esters from glycerin and contributes to emulsion formation during the water wash. 
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For these cases an acid catalyst is used to esterify the free fatty acids to methyl esters. 
The acid catalyst used could be sulfuric acid, phosphoric acid, hydrochloric acid or organic 
sulfonic acid.  
2.5 Reactions in the process  
2.5.1 Transesterification  
 
Vegetable oils usually contain free fatty acids, phospholipids, sterols, water and other 
impurities. Because of this, the oil cannot be used as a fuel directly in combustion engines. 
To solve these problems and also to reduce the high viscosity of the oils, a chemical 
modification is required. This modification is possible with different procedures: 
transesterification, emulsification and pyrolysis of the oil.  
Transesterification is the key and the most important step to produce the cleaner and 
environmentally safe fuel from vegetable oils.  
Transesterification is the reaction of a fat or oil triglyceride (TAGs) with an alcohol, to 
produce esters and glycerin (Fig. 2). TAGs consist of three long chains of fatty acids 
attached to a glycerol. 
When triglycerides reacts with methanol, the three fatty acids chains are released from 
glycerol skeleton and combine with the alcohol to yield fatty acids methyl esters. The 
reaction is similar to hydrolysis, except that here an alcohol is used instead of water. 
Transesterification can be also called alcoholysis of carboxylic esters.   
 
Figure 2: Schematic Transesterification reaction 
R1, R2 and R3 are long chains of carbons and hydrogen atoms, called fatty acid chains. 
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The reaction occurs in different steps: triglycerides are first converted to diglycerides, then 
to monoglycerides and finally to glycerol. The mechanism of the reaction is described in 
Figure 3.  
    
 
Figure 3: General equation of Transesterification of triglycerides. 
This reaction is accomplished by mixing methanol with catalyst, like sodium hydroxide, to 
make sodium methoxide. The sodium methoxide is then mixed with oil and added to the 
water bath reactor.   
The reaction time decreases significantly by using temperatures near the boiling point of 
the alcohol (around 60°C). (Samios et al. 2009) 
So, at the end of the reaction, the products are triglycerides, diglycerides, monoglycerides, 
biodiesel, glycerin, alcohol, catalytic components and in case of using alkali catalysis, soap 
moieties.  
The entire mixture then settles. Glycerin is left on the bottom of the settling vessel and 
methyl esters, or biodiesel, are left on the top. Glycerin can be used to make soap (or any 
other products) and methyl ester is washed and filtered. 
The produced biodiesel with an alkali catalyst has a high pH value. It is very important to 
reduce this value, washing with an acid dilution, to obtain a neutral biodiesel (pH 7) in 
order to avoid the oxidation of metallic components of the engine. 
The parameters affecting the yield of biodiesel from transesterification are: reaction 
temperature and time, molar ratio alcohol/oil, mixing intensity, catalyst, water content and 
free fatty acid content.  
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 Molar ratio of alcohol to oil: 
One of the most important variables affecting the yield of methyl esters is the molar 
ratio of alcohol to oil. Transesterification requires 3 mol of alcohol for each mole of 
triglyceride to produce 1 mol of glycerol and 3 moles of methyl esters. Industrial 
processes use 6 mol of methanol for each mole of triglyceride in order to have a 
maximum conversion. The alcohol/triglyceride molar ratio has to be essentially 
large. The excess of alcohol is used in order to shift the reaction equilibrium, to 
avoid the reverse reactions and to accelerate the process.  
Significant amount of partially reacted mono- and diglycerides will be present when 
the alcohol/oil ratio is too low. Mono- and diglycerides of saturated fatty acids 
crystallize easily and can cause fuel filter plugging and other performance 
problems in diesel engines. (Van Gerpen et al. 2005) 
However, a high molar ratio of alcohol to vegetable oil interferes in the separation 
of glycerin because there is an increase of solubility. For the molar ratio 15:1 the 
separation of glycerin is difficult and the apparent yield of esters decreased 
because a part of glycerin remains in the biodiesel phase. For molar ratios less 
than 6:1 the reaction is incomplete. Therefore, molar ratio 9:1 seems to be the 
most appropriate. (Meher et al. 2004) The effect of molar ratio of methanol/oil on 
the process of transesterification is shown in figure 4. 
 
Figure 4: Effect of molar ratio in fatty acids methyl esters and triglycerides  
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 Reaction time and temperature 
The conversion rate increases with the reaction time. Ma et al studied the effect of 
reaction time on transesterification of beef tallow with methanol. The reaction was 
very slow the first minute due to mixing the beef tallow into methanol. From 1 to 5 
minutes, the reaction proceeded very fast. The production of methyl esters reached 
the maximum value at 15 minutes. 
Transesterification can occur at different temperatures depending on the oil used, 
and closed to the boiling point of the alcohol at atmospheric pressure.  For 
transesterification with refined oil with methanol (6:1) and 1% NaOH, ester yields 
reached the value of 94% with 60ºC, 87% with 45ºC and 64% with 32ºC. After 1 
hour reaction, the yields with 60 and 45ºC were the same. (Meher et al. 2004) 
 Mixing intensity 
Generally, after adding the alcohol and catalyst to the oil, stirring for 5 to 10 
minutes promotes a higher rate of conversion and recovery. 
Transesterification can also be carried out using supercritical methanol, ethanol, or other 
alcohols. The process does not require a catalyst but require high temperatures (300°C) 
and high pressures (8 MPa). (Demirbas et al. 2006) 
 
2.5.2 Parallel Reactions 
 
In the conventional transesterification of vegetable oils or animal fats, free fatty acids and 
water causes soap formation, consumes the catalyst and reduces catalyst effectiveness, 
all of which results in a low conversion. 
 Saponification: this reaction reduces the ester yields and makes it very 
difficult to recover glycerin due to the formation of emulsions. Saponification 
is commonly used to refer to the reaction of the alkali catalyst with the FFA 
to form soap. So, it can be defined as the alkali hydrolysis of fatty acid 
esters.  In figure 5 is described this reaction in which FFA reacts with a 
based catalyst forming water and salt.  
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Figure 5: Saponification reaction 
 Hydrolysis: this reaction is produced with the presence of humidity in the 
process (usually from the alcohol). Hydrolysis reaction takes place between 
water and the biodiesel produced (fatty acid ester). The hydrolysis of free 
fatty acid is shown in figure 6. This reaction implies a reduction of the 
amount of biodiesel at the end of transesterification.  
 
 
Figure 6: Hydrolysis of fatty acid ester 
 
 
2.5.3 Free Fatty Acids 
 
Free fatty acids in some cases affect the process with parallel products and non desired 
reactions. However, these FFA can be transformed in fatty acids esters with the presence 
of a catalyst. This new reaction is a direct esterification of FFA and water is formed. This 
water must be removed from the process to increase the yield. To carry out the alkali 
catalyzed reaction to completion, less than 3% of FFA is needed.  
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Ma et al. studied the transesterification of beef tallow catalyzed by NaOH in presence of 
FFA and water. Without adding FFA and water, the apparent yield was highest. When 
0.6% of FFA was added, the apparent yield of beef tallow methyl esters was the lowest, 
less than 5% with any amount of water added. (Ma et al. 2004)  
There are different types of fatty acids chains and common in different vegetable oils. 
Table 5 shows the amount of free fatty acids in soybean methyl esters.  
Table 5: Fatty acid chain comprised in soybean biodiesel 
Fatty acids Composition Nº of carbon: Nº 
of double bond 
Fatty acids chain 
Palmitic 8% 16:0 R= - (CH2)14–CH3 
Stearic 3% 18:0 R= - (CH2)16–CH3 
Oleic 25% 18:1 R= - (CH2)7CH=CH(CH2)7CH3 
Linoleic 55% 18:2 R= - (CH2)7CH=CH–CH2–
CH=CH(CH2)4CH3 
Linolenic 8% 18:3 R= - (CH2)7CH=CH–CH2–CH=CH2-
CH=CH-CH2-CH3 
 
There are two groups of fatty acids, saturated and unsaturated. The term unsaturated 
refers to the presence of one or more double bonds. 
Stearic acid is a typical long chain saturated fatty acid. This means it doesn‟t have any 
double bond. 
 
Oleic acid is a typical monounsaturated fatty acid, with one double bond.  
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Linoleic acid is a typical polyunsaturated fatty acid, with 2 double bonds.  
 
In microalgae oil the fatty acid composition is quite similar: they include Palmitic acid, 
Palmitoleic acid, Stearic acid, Oleic acid, Linoleic acid and Linolenic acid. The last three 
fatty acids are the most abundant in oil composition weight.  
2.6 Technical Properties of Biodiesel 
 
Since biodiesel is produced in different scaled plants from vegetable oils differed in origin 
and quality, it was necessary to install a standardization of fuel quality to guarantee engine 
performance without any difficulties. Austria was the first country in the world to define and 
approve the standards for rapeseed oil methyl esters as biodiesel fuel. Further, guidelines 
for the quality have also been defined in other countries. Standard Specification for 
biodiesel in the European Union is EN 14214, the requirements of this specification are 
described in table 6. In the United States the Standard Specification is ASTM D6751-09. 
Biodiesel is featured by their viscosity, density, cetane number, cloud and pour points, 
flash point, sulfated ash content, sulfur content, carbon residue and water content.   
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The properties of biodiesel are affected by the proportion of long-chain and short-chain 
fatty acids and the presence of one or more double bonds (saturated or unsaturated). 
Unsaturated fatty acids give better lubricity and cold flow than saturated fatty acids. These 
effects are shown in figure 7. (Alan Scragg. 2009)  
 
Figure 7: The effect of chain length and saturation of fatty acids esters on different properties 
 Viscosity, density and flash point 
 
Viscosity is one of the most important properties. It affects the operation of fuel 
injection equipment. In low temperatures an increase in viscosity affects the fluidity 
of the fuel. The viscosity, density and flash points values of methyl esters decrease 
considerably via Transesterification reaction. Viscosity increases as polymer 
content increases due to oxidative degradation over time. Kinematic Viscosity of 
methyl esters measured at 40º C should be between 3.50 and 5.00 mm2/s. 
The viscosities in ethyl esters are slightly higher than those of methyl esters.  
An increase in density for vegetable oil biodiesel increases highly regular the 
viscosity. There is a high regression between the density and the viscosity values. 
The relationship between viscosity and flash point is irregular. 
Flash point is the temperature at which fuels combust. B100 biodiesel has a much 
higher flash point than diesel, igniting at approximately 125ºC as compared with 
26 BIODIESEL FROM MICROALGAE 
about 58ºC for diesel. This makes a biodiesel, and its blends, a safer fuel to handle 
and store near or with potential ignition sources.   
 Cetane number, Cloud point and Pour point 
 
Cetane number is based in two compounds, hexadecane, with a CN of 100, and 
heptamethyilnonane, with a CN of 15. Cetane number is a measure of the ignition 
quality of diesel fuels and high CN implies short ignition delay. The CN of biodiesel 
is generally higher than conventional diesel because has longer fatty acids carbon 
chains and saturated molecules. Biodiesel from animal fats has a cetane number 
higher than those of vegetable oils. Inadequate cetane numbers result in poor 
ignition quality and delay, not normal combustion, excessive engine knock and 
smoke on cold starts.  
The Cloud Point (CP) is the temperature at which wax crystals begin to form in the 
fuel as it is cooled. The Pour Point (PP) is the lowest temperature at which the fuel 
will begin to flow. Biodiesel has a higher CP and PP compared to conventional 
diesel. This means that biodiesel freezes at higher temperature than conventional 
diesel fuel.  
 Water content, Distillation range and Higher Heating Value (HHV) 
 
Biodiesel composition has some water on it. In catalyzed methods, the presence of 
water has negative effects on the yields of methyl esters. The soap formed can 
prevent the separation between biodiesel and glycerin fraction.  
Distillation range characterizes the volatility of the fuel. In this case conventional 
diesel is more volatile than biodiesel.  
The oxygen content in biodiesel improves the combustion process and decreases 
its oxidation potential. Because of this combustion efficiency and the higher 
combustion of methanol/ethanol is higher than that of gasoline. The higher heating 
values are relatively high. The HHV of biodiesel is 39-41 MJ/kg is slightly lower 
than fossil fuel diesel with 43 MJ/kg, but higher than coal with 32 - 37 MJ/kg. 
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Table 6: European International Standard of biodiesel EN 14214 
Property Units Lower limit Upper limit Test- Method 
Ester content % (m/m) 96.5 - Pr EN 14103d 
Density at 15°C Kg/  860 900 EN ISO 3675 
Viscosity at 40°C /s 3.5 5.0 EN ISO 3104 
Flash Point °C >101 - ISO CD 3679e 
Sulfur content mg/kg - 10 - 
Cetane number - 51.0 - EN ISO 5165 
Sulfated ash content % (m/m) - 0.02 ISO 3987 
Water content mg/kg - 500 EN ISO 12937 
Total contamination mg/kg - 24 EN 12662 
Copper band corrosion (3h at 50°C) rating Class 1 Class 1 EN ISO 2160 
Oxidative Stability at 110°C hours 6 - Pr EN 14104 
Acid Value mg KOH/g - 0.5 Pr EN 14104 
Iodine Value - - 120 Pr EN 14111 
Linoleic acid methyl ester  % (m/m) - 12 Pr EN 14103d 
Methanol content % (m/m) - 0.2 Pr EN 141101 
Monoglycerides content % (m/m) - 0.8 Pr EN 14105m 
Diglycerides content % (m/m) - 0.2 Pr EN 14105m 
Triglycerides content % (m/m) - 0.2 Pr EN 14105m 
Free glycerin  % (m/m) - 0.02 Pr EN 14105m 
Total glycerin % (m/m) - 0.25 Pr EN 14105m 
Alkali metals (Na +K)  mg/kg - 5 Pr EN 14108 
Phosphorous content mg/kg - 10 Pr EN 14107p 
 
One important technological consideration of biodiesel is the damage of filters. Diesel 
engines require no modification to run on biodiesel. However, some components may 
need modification. When biodiesel, is introduced into the engine, it starts to break down 
the deposits formed by combustion, causing filters to initially become clogged.  
To avoid these problems, some users have suggested cleaning the filters more regularly at 
the start, and changed two or three times till the optimum performance.  
 Emissions properties of biodiesel 
Neat biodiesel and biodiesel blends reduce primarily the emissions of particulate matter 
(PM), hydrocarbons (HC), carbon monoxide (CO) and slightly increase emission of 
nitrogen oxides (NOx) compared with petro-diesel fuels. Nitrogen oxides formed during 
combustion are composed mainly of nitric oxide (90-95%) and a lesser amount of NO2 (5-
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10%). The lack of aromatic hydrocarbon in biodiesel reduces unregulated emissions as 
well as ketone, benzene, etc. (Agarwal et al. 2006)  
 
2.7 Advantages and disadvantages on biodiesel from oil crops use.  
 
 Advantages of biodiesel as a diesel fuel 
 
The advantages of biodiesel as a diesel fuel are its portability, ready availability, 
renewable energy resource, higher combustion efficiency, higher lubricity, lower 
sulfur and aromatic content, higher cetane number, and its potential for reducing 
petroleum dependency. 
Its biodegradability makes biodiesel ideal for use in special areas such as nature 
reserve, water reserve, and also in urban communities. Biodiesel degrades about 
four times faster than petro-diesel.  
Rapeseed oil ethyl ester is more rapidly biodegradable in water environment 
compared in rapeseed oil methyl esters and fossil diesel fuel. During a standard 21 
times, 97.7% of rapeseed oil methyl ester, 98% of rapeseed oil ethyl ester and only 
61.3% of fossil diesel fuel are biologically decomposed. 
Biodiesel is also safe to transport because it has a high ignition temperature. 
The use of biodiesel can extend the life of diesel engines because it is more 
lubricating than petroleum diesel fuel.   
 Disadvantages of biodiesel as a fuel 
 
The major disadvantages of biodiesel are its higher viscosity, lower energy content, 
higher cloud point and pour point, higher nitrogen oxide emissions, lower engine 
speed and power, injection coking, engine compatibility, high price and higher 
engine wear.  
Important operating disadvantages of biodiesel in comparison with petrol diesel are 
cold start problems, lower energy content, higher copper strip corrosion, and fuel 
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pumping difficulty from higher viscosity. This increases the fuel consumption of 
biodiesel instead of conventional diesel.  
However, considering emission of nitrogen oxides, carbon monoxide and smoke 
density, rapeseed oil ethyl ester had less negative effect on the environment in 
comparison with that of rapeseed methyl ester. With rapeseed oil ethyl ester the 
emissions of NOx showed an increase of 8.3% over those of fossil diesel fuel.  
Biodiesel is a technically good alternative to fossil diesel fuels, but nowadays, it 
costs 1.5 to 3 times more than conventional diesel.  
 
2.8 Introduction to Microalgae 
 
One of the most serious environmental problems today is the global warming caused 
primarily by the heavy use of fossil fuels. The CO2 generated by power plants and industry 
can be recovered with technology such as chemical absorption. Microalgae are potential 
candidates for using excessive amounts of CO2. Since the cultivation of these organisms 
are capable of fixing CO2 to produce energy and chemical compounds with the presence 
of sunlight.   
In general, microalgae can be referred as microscopic organisms that can grow via 
photosynthesis. Microalgae reproduction occurs primarily by vegetative (asexual) cell 
division, although sexual reproduction can occur in many species under appropriate 
growth conditions.  
Their photosynthetic capability is similar to land based plants, due to their simple cellular 
structure, and they are submerged in aqueous environment where they have efficient 
access to water, CO2 and nutrients. Microalgae are generally more efficient in converting 
solar energy into biomass than land plants. 
The most abundant microalgae studied for biodiesel production are Cyanophyceae (blue 
green algae), Chlorophyceae (green algae), Bacillariophyceae (diatoms) and 
Chrysophyceae (golden-brown algae). Many microalgae species are able to switch in 
phototrophic and heterotrophic growth. In heterotrophic growth algae cannot synthesize 
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their own food and depend on glucose or other utilizable carbon sources for carbon 
metabolism and energy. (Anders S Carlsson, 2007).  
Heterotrophic production is not as efficient as using photosynthetic microalgae. This is 
because the renewable organic carbon sources required for heterotrophic microorganisms 
are produced by photosynthesis, usually in crop plants.  
 
2.9 Microalgae as a second generation feedstock  
 
Microalgae can provide several different types of renewable biofuels. They are composed 
mainly of carbohydrates, proteins and lipids. Algae having the ability to synthesize TAGs 
are considered as a second generation feedstock for biofuels production. (Khan et al. 
2009)  
The lipid content of algal oil can be processed into biodiesel, studied in this project, 
carbohydrates into ethanol and proteins into animal feed or human nutritional 
supplements. Also, by anaerobic digestion of the algal biomass they can provide biogas 
and fertilizers. (Rosenberg et al. 2008) 
An important algal characteristic for biodiesel production is the suitability of lipids in terms 
of type, chain length, degree of saturation and proportion of total lipid made up by 
triglycerides.  
The most extensive research into the development of biofuels from algae was performed 
by the National Renewable Energy Laboratory (NREL) from 1978 to 1996. The main focus 
of the program, known as the Aquatic Species Program (ASP) was the production of 
biodiesel from high lipid content algae grown in ponds and utilizing waste CO2 from coal 
fired power plants. In this program they were reported more than 3000 species of algae 
and the best candidates were some green algae and diatoms. (Shennan et al. 1998)  
Microalgae have also a high technical potential to abate greenhouse gases, given their 
ability to use carbon dioxide in their photosynthetic efficiency, and the possibility of 
achieving faster growth as compared to any energy crop. They reproduce quickly and can 
be harvested day after day. However, the lipid content in microalgae required to be high, 
otherwise the economic performance would be hard to achieve.  
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Algae can grow in salt water, freshwater and even contaminated water. They can grow at 
the sea, lakes, ponds, and on lands not suitable for food.  
The advantages of microalgae over high plants as a source of biodiesel are numerous: 
 Oil yield per area of microalgae culture can exceed the yield of the best oilseed 
crops.  
 Microalgae can be cultivated easily in seawater, brackish water and on non 
arable land. They do not compete for resources with conventional agriculture. 
 Microalgae cultivation does not need herbicides or pesticides. 
 Microalgae reproduce themselves using photosynthesis to convert sun energy 
into chemical energy, completing an entire growth cycle every few days.  
 Microalgae sequester CO2 from flue gasses emitted from fossil fuel power 
plants and other sources, reducing emissions of a major greenhouse gas. 1 kg 
of algal biomass requiring about 1.8 kg of CO2. (Khan et al. 2009) 
 Microalgae can be grown in suitable culture vessels (Photobioreactors) with 
higher annual biomass productivity on an area basis.  
 Producing biodiesel from microalgae provides the highest net energy, because 
converting algae oil to biodiesel is much less energy intensive than methods for 
conversion to other fuels (such as Ethanol). 
 Microalgae are highly biodegradable, environmentally sustainable, while 
reducing emissions of particulate matter, CO, hydrocarbons and SOx. 
 Microalgae can be obtained from wastewater treatment plants growing by using 
these contaminated waters as nutrients.  
 Residual algae biomass after oil extraction may be used as feed or fertilizer, or 
can be fermented to produce ethanol and methane.  
However, some disadvantages have been found: 
 Producing microalgae is generally more expensive than growing crops. 
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 Harvesting of algae biomass is a significant and operating cost in algal process. 
 In large scale microalgae culture systems, the productivity can be affected by 
contamination with unwanted algae and other microorganisms. 
 The difficulty of maintaining selected species in outdoors culture systems.  
 Some microalgae oils are quite rich in polyunsaturated fatty acids with four or 
more double bounds. Fatty acid methyl esters with more than 4 double bonds 
are susceptible to oxidation during storage, reducing their acceptability for use 
in biodiesel. However, this high number of double bounds can be reduced by 
partial catalytic hydrogenation of the oil. (Chisti et al. 2007)       
2.10 Microalgae Classification 
 
Cells can be divided in two main groups: eukaryotes and prokaryotes. The main difference 
of those is that prokaryotes do not have a nucleus and the DNA floats freely in the cell.  
Microalgae, generally, are made up of eukaryotic cells. These cells have nucleus and 
organelles. All microalgae have chloroplasts, the bodies with chlorophyll and other 
photosynthetic pigments which carry out photosynthesis. In figure 7 it is shown an example 
of eukaryotic and prokaryotic algae cells with its different dimensions. Examples of 
prokaryotic microalgae are Cyanobacteria, and of eukaryotic microalgae are green algae, 
golden brown algae and diatoms. 
 
Figure 8: Scheme of prokaryotic and eukaryotic cells. 
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There are several main groups of microalgae, which differ primarily in pigment 
composition, biochemical constituents and life cycle. The most important algae in term of 
abundance are classified in four groups, explained below and shown in table 7. 
Table 7: Four most important microalgae groups in terms of abundance 
Microalgae  Known species   Storage material Habitat 
Diatoms 100 000 Carbohydrates and TAGs Oceans, fresh and brackish water 
Green Algae 8 000 Starch and TAGs Freshwater 
Blue green algae 2 000 Starch and TAGs Different habitats 
Golden Algae 1 000 TAGs and carbohydrates Freshwater 
 
There are also different types of microalgae like red algae (Rhodophyceae), 
euglenophyceae, dinophyceae, Haptophyceae, etc. However, these strains are not 
referred in this project due to the lower lipid content and productivity compared with green 
algae or diatoms.  
 Diatoms (Bacillariophyceae): about 100,000 species are known. This group 
tends to dominate the phytoplankton1 of the oceans, and also is commonly 
found in fresh water and brackish water. Diatoms are so tiny, usually 
between 2 and 200 µm in diameter. They are made of soft organic materials 
encased within a hard shell, which is called frustule. The intricate 
architecture of the frustules is what scientists use to distinguish one diatom 
species from the others. The frustule composition is very similar to the 
gemstone opal, because both contain silicon and oxygen elements along 
with water molecules.  
The internal parts of diatoms cells are very similar to other eukaryotic cells, 
except of the chloroplasts. The chloroplast gives to diatoms its color and 
photosynthetic capabilities. The diatom Coscinodiscus, shown in figure 9, 
has a lot of yellow-brown chloroplasts. This coloration is due to the 
presence of photosynthetic pigments such as chlorophyll, beta carotene 
and fucoxanthin.  The main storage compounds of diatoms are lipids 
(TAGs) and carbohydrates. 
                                               
1
  Phytoplankton is used to refer collectively to all photosynthetic organisms that live by floating in seawater.   
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Some examples of diatoms are: Coscinodiscus granii, Tabellaria, 
Amphipleura, Thalassiosira baltica, skeletonoma, Chaetoceros, Cyclotella, 
Chlorella sp. etc. 
 
 
 
 
 
 
 
 
Figure 9: microscopic views of the diatoms 
 
 Green algae (Chlorophyceae): Green algae are also quite abundant in 
freshwater. Some species can also live in terrestrial areas, growing on 
moist soils, wet rocks and damp wood. They can appear as single cells or 
as colonies. Green algae are the evolutionary progenitors of modern plants, 
but unlike plants, they are primarily aquatic. Approximately 8,000 species 
are estimated to be in existence. About 1,000 of these are marine 
chlorophytes and the remainder freshwater chlorophytes. They are 
eukaryotic cells so they have membrane bound, chloroplast and nuclei.  
The main storage compound of these algae is starch, although oils can also 
be produced. The fresh water green algae Haematococcus pluvialis is 
commercially important as a source of astaxanthin2, Chlorella vulgaris as a 
supplementary food product and Dunaliella salina as a source of β-
carotene.   
                                               
2
 Astaxanthin is a high value carotenoid, which has a potential antioxidant activity and protects phospholipids 
membranes in the cells. For humans, it is used as a food supplement and it may be beneficial in 
cardiovascular, immune, inflammatory and neurodegenerative diseases.     
 
Coscinodiscus granii 
 
Thalassiosira baltica 
 
Chaetocerus impressus 
 
Chaetoceros danicus 
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Some examples of green algae are: Chlorella vulgaris, Chlorella 
protothecoides, Scenedesmus obiliquus, Haematococcus pluvialis, 
Nannochloris, Dunaliella salina, Botryococcus braunii, Tetraselmis, etc.     
 
Chlorella vulgaris 
 
Haematoccocus pluvialis 
 
Botryococcus braunii 
 
Dunaliella salina 
 
Figure 10: microscopic views of green algae 
 
However, botryococcus braunii has been found unsuitable for biodiesel 
production, because its hydrocarbons have a chain length greater than 
C30, while vegetable oils currently used for biodiesel are mainly C16 and 
C18. (Griffiths et al. 2009) 
 Golden Brown algae (Class Chrysophyceae): This group of algae is similar 
to diatoms which respects to pigments and biochemical composition. 
Approximately 1,000 species are known, which are found primarily in 
freshwater habitats and open waters of the oceans. In most of these algae, 
the cell walls are composed by cellulose with large quantities of silica. Their 
usual reproduction is asexual by cell division. Some species of this group 
have flagellation morphology. 
Some examples of golden brown algae are: Isochrysis galvana, dinobryon 
balticum, uroglena americana, etc.  
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 Blue green algae (Cyanophyceae or Cyanobacteria): This group is 
prokaryotic, and therefore very different from all the other groups of 
microalgae. They do not contain nucleus and chloroplasts, and they have a 
different gen structure. There are approximately 2,000 species in this group, 
which can live in many habitats. No member of this class produces 
significant quantities of storage lipids. The central region of these cells is 
rich in DNA and a peripheral region contains photosynthetic membranes 
arranged in parallel and closed to the cell surface. These organisms can 
convert inert atmospheric nitrogen into an organic form, such as nitrate or 
ammonia.  
Some examples of blue green algae are: Spirulina platensis, 
Synechococcus, Cyanidium, Oscillatoria, Anabaena cylindrical, etc.  
2.11 Photosynthesis  
 
Photosynthesis is the synthesis of organic molecules using the energy of light. In the 
process, inorganic compounds and light energy are converted to organic matter by 
photoautotrophs3. 
Light (natural or artificial) provides the energy to: 
 Transfer electrons from water to NADP+ forming NADPH (nicotinamide adenine 
dinucleotide phosphate) 
 Generate ATP (adenine tri-phosphate). 
ATP and NADPH provide the energy and electrons to reduce carbon dioxide into organic 
molecules.   
Microalgae are normally grown using light energy to fix carbon dioxide into hydrocarbons 
with oxygen discharged as a waste product according to the formula: 
 
                                               
3
 Photoautotrophs use light energy to extract protons and electrons from a variety of molecules to reduce CO2 
to form organic molecules.   
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Normally, light energy is harvested by chlorophyll molecules. This reaction can be 
expressed as an oxidation-reduction reaction, where carbon dioxide and water are 
converted to carbohydrates and oxygen. 
The conversion is traditionally divided in two stages, light reactions and dark reactions. 
The main scheme of these stages it is shown in Fig. 11.  
 
Figure 11: Light and dark reactions of oxygenic photosynthesis 
In light reactions, which are bound on photosynthetic membranes of the chloroplasts, the 
light energy is converted to chemical energy providing NADPH2 and a high energetic 
compound ATP. 
Dark reactions or enzymatic reactions, take place in the stroma of the chloroplast. 
NADPH2 and ATP are utilized in the sequential biochemical reduction of carbon dioxide to 
carbohydrates, more commonly called the Calvin Cycle.  
 
2.11.1 Photosynthetic apparatus: the chloroplast 
 
The chloroplast is an organelle, surrounded in a double membrane, where the 
photosynthesis occurs in photosynthetic eukaryotes.  
Inside the double membrane, it is found the stroma and thylakloids. The stroma is a 
complex mixture of enzymes and water, and is where dark reactions of the photosynthesis 
take place.  
Embedded in the stroma there is a complex network of stacked sacs. Each single sac is 
called thylakloid. Each thylakloid has a series of photo-systems and associated proteins. 
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The photo-systems are located in the thylakloid membrane and contain chlorophyll and 
other pigments. In this site is where light photosynthetic reactions are produced.  
Primarily, thylakloid membranes contain five major complexes: light harvesting antennae, 
photo-system II, cytochrome and ATP synthase, which maintain photosynthetic electron 
transport. The stacked group of thylakloids is called granum. In figure 12 it is shown a 
scheme of the chloroplast structure.  
 
Figure 12: Chloroplast structure 
 
2.11.2 The natural of light 
 
The energy of photosynthesis is delivered in the form of light. Light is an electromagnetic 
radiation. The light travels at the speed of 3 x 108 m s-1 in a vacuum. The visible part of the 
light spectrum ranges in wavelength from the violet at around 400nm to the red at 700nm. 
According to the quantum theory light energy is delivered in the form of photons. The 
energy of a single photon is the product of its frequency and Planck‟s constant. Since the 
energy is inversely related to the wavelength, a photon of blue light (at 400nm) is more 
energetic than that at red light (around 700nm). Photosynthetic pigments absorb the 
energy of photons, and transfer it into the reaction centers where it is utilized for 
photochemistry. The photons should possess the critical energy sufficient to excite a single 
electron from one pigment molecule and starts charge separation. 
On a sunny day, average direct solar irradiance reaching the earth surface is about 1000 
Wm-2 and photosynthetically active radiation (PAR), which ranges from 400 to 700nm 
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(figure 13), represents about 40% of total irradiance (400 Wm-2). Irradiance can be 
measured by different types of instruments in quanta m-2s-1 or in Wm-2.  
 
Figure 13: Spectra of Electromagnetic Radiation 
 
2.11.3 Photosynthetic pigments 
 
All photosynthetic organisms contain organic pigments for harvesting light energy. There 
are different types of pigments such as chlorophylls (green pigments), carotenoids (yellow 
or orange pigments) and phycobilins. These pigments are contained in the chloroplasts of 
eukaryotic cells.  
 Chlorophyll 
These molecules consist of a tetrapyrrole ring containing a central magnesium atom, and a 
long chain terpenoid alcohol. Structurally chlorophyll molecules α, β, c differs on the 
tetrapyrrole ring. All Chlorophylls have two major absorption bands: blue green (450-475 
nm) and red (630- 675 nm). The structure of chlorophyll α is shown in figure 14. 
 
Figure 14: Structure of α-Chlorophyll 
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 Carotenoids 
These molecules represent a large group of biological chromophores with an absorption 
range between 400 and 550 nm. The basic structural elements of carotenoids are two 
hexa-carbon rings joined by 18-carbon and double bond-chain. They are usually 
hydrocarbons (α-carotene, β-carotene) or oxygenated hydrocarbons (xanthophylls). These 
pigments have several roles in the photosynthetic apparatus, working as accessory light-
harvesting pigments transferring excitation to α-Chl. They are also functioning as a 
molecules required in the protection against excess irradiance (Hall, 1999). In the figure 15 
it is shown β-carotene with its beta rings at both ends.  
 
Figure 15: Structure of β-carotene 
 
 Phycobilins  
Phycobilins are water soluble pigments, and therefore, they can be found in the cytoplasm 
or in the stroma of the chloroplast. They occur only in Cyanobacteria and Rhodophyta (red 
algae).  
For quantification the chlorophylls and carotenoids, the pigments are extracted in organic 
solvents (methanol, ethanol and acetone). The absorbance of the extract is determined by 
spectrophotometric method and the pigment content is calculated using mathematical 
formula.   
2.11.4 Light reactions 
  
The main role of the light reactions or photochemical reaction is to provide the biochemical 
reductant (NADPH2) and the chemical energy (ATP) for the assimilation of organic carbon.   
There are two photo-systems operating in series: PSII in which O2 evolution occurs and is 
where the light enters, and PSI in which ferredoxin is photo-reduced and NADPH2 is 
formed. The photo-systems are connected by a chain of electron carriers visualized in 
called “Z” scheme in figure 16 (Hill & Bendall, 1960). 
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In PSII, chlorophyll α is called P680 and in PSI chlorophyll α is called P700.   
 
Figure 16: Z-scheme: light reactions of photosynthesis 
In this Z scheme, upon illumination, two electrons are extracted from water and transferred 
through a chain of electron carriers to produce one molecule of NADPH2. Simultaneously, 
protons are transported from an external space (stroma) into the lumen forming a pH 
gradient. The gradient is catalyzed by ATP synthase and produces ATP.   
This reaction is called photophosphorylation and can be expressed as: 
 
 
2.11.5 Dark Reactions: Carbon assimilation 
 
The reduction of CO2 to sugars proceeded by dark enzymatic reactions, with these two 
molecules of NADPH2 and three molecules of ATP are required for the reduction of every 
molecule of CO2 (Hall D.O.1999). 
. The reaction can be expressed as: 
 
The conversion of CO2 to sugars occurs in four distinct phases forming the called Calvin 
Cycle (Figure 17).  
1. Carboxylation phase: where CO2 is added to 5-carbon sugar molecule (Ribulose-
bis-P) to form two molecules of Glycerate-P. 
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2. Reduction phase: is the conversion of Glycerate-P to 3-carbon products. The 
energy is added in the form of ATP and NADPH2.  
3. Regeneration phase: Ribulose-P is regenerated for CO2 fixation in a complex 
series of reactions combining with 3, 4, 5, 6, and 7-carbon sugar phosphates. The 
task is accomplished with the action of enzymes.  
4. Production phase: is the phase where carbohydrates are produced, but also fatty 
acids, amino acids and organic acids are synthesized.  
 
Figure 17: Photosynthetic carbon fixation: the Calvin Cycle 
Plant and algal cells also use oxygen for cellular respiration. Although, they have a net 
output of oxygen since much more is produced during photosynthesis. 
Oxygen is a product of the photolysis reaction not the fixation of carbon dioxide, during the 
light reactions. The source of oxygen during photosynthesis is water not carbon dioxide.  
While the mechanism of photosynthesis in microalgae is similar of higher plants, they are 
more efficient converters of solar energy because of their simple cellular structure. In 
addition, because cells grow in aqueous suspension, they have more efficient access to 
water, carbon dioxide and other nutrients. 
For these reasons, microalgae are capable of producing 30 times the amount of oil per unit 
area of land, compared to terrestrial oils crops. 
 
43 BIODIESEL FROM MICROALGAE 
2.12 Microalgae Production Systems 
 
Producing biomass from microalgae is generally more expensive than growing crops. 
Photosynthetic growth requires light, carbon dioxide, water and inorganic salts. Algal 
biomass contains generally three components: carbohydrates, proteins and lipids. 
Growth medium must provide the inorganic elements that constitute algal cells. These 
essential elements are nitrogen (N), phosphorous (P), iron, and in some cases Silica. 
Minimal nutritional requirements can be estimated using the formula CO0.48 H1.83 N0.11 P0.01. 
This formula is based on the data presented by Grobbelaar in 2004. (Chisti et al. 2007) 
Microalgae biomass contains approximately 50% carbon by dry weight. All of this carbon is 
typically derived from carbon dioxide. 100 t of algal biomass produced can fixed roughly 
183 t of carbon dioxide. (Chisti et al. 2007) Carbon dioxide must be fed continuously 
during light day hours. 
Microalgae cultivation can be done in open production systems such as lakes or ponds 
and in controlled closed systems called Photobioreactors (PBRs). The most important 
methods include batch, continuous and semi-continuous modes. 
 Batch mode: This is a closed system, volume limited, in which there is no inputs 
or output of materials. The algal population cell density increases constantly 
until the exhaustion of some limiting factor, whereas other nutrient components 
of culture medium decrease over time. Other products produced by the cells 
during growth also increase in culture medium. When resources are used by 
the cells the cultures die unless supplied with new medium. This is done by 
transferring a small volume of existing culture to a large volume of fresh culture 
at regular intervals. With this method algae are allowed to grow and reproduce 
in closed containers.  
In batch mode microalgae shows a typical growth dynamic pattern according to 
a sigmoid curve (figure 18), consisting of a succession of six phases of growth: 
  
1. Adaption: in this phase the culture has to be adapted to the 
environment. It takes some time before algae can start growing.  
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2. Acceleration and  
3. Exponential growth: It starts the exponential logarithmic growth. During 
this phase an increase of algal biomass per time is proportional to the 
biomass in the culture at any given time. A steady-state is reached and 
the cells are divided at constant rate. The cell density increases as a 
function of time according to the exponential function: 
 , Where N2 and N1 are the number of cells at successive 
times and µ is the growth rate. 
4. Decreasing growth: the logarithmic point declines when nutrients are 
depleted and when de culture density reaches its critical point. The 
increase in algal biomass becomes linear.  
5. Stationary: the light supply per algal cell becomes limited. The cell 
population continues to increase but the growth rate decreases until it 
reaches zero, where the culture enters the stationary phase. The cell 
concentration remains constant at its maximum value. The growth curve 
approaches a limiting value. 
6. Decline and death: this phase is caused by unfavorable medium 
conditions, like limited supply of light and nutrients or an infection by 
other microorganisms. This phase is characterized by a negative growth 
rate and it becomes an exponential death of the population. 
 
Figure 18: Schematic representation of algae growth rate in batch culture 
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 Continuous system: In continuous culture systems, resources are potentially 
infinite: cultures are maintained at a chosen point on the growth curve by the 
regulated addition of fresh culture medium. A volume of fresh culture medium is 
added at a rate proportional to the growth rate of algae, while an equal volume 
of culture is removed. This method maintains the cultures very close to the 
maximum growth rate, because the culture never runs out of nutrients.  
The early development of a continuous culture system was developed back to 
the 1950s with the first chemostat, called “bactogen”.  
 
 Semi-continuous systems: In these systems the fresh medium is delivered to 
the culture all at once, by simply opening a valve in the medium delivery line. 
Fresh medium flows into the culture vessel, and spent culture flows out into a 
collecting vessel. Once the required medium has entered the culture, the valve 
is closed, and the culture is allowed to grow for 24h. Then, it becomes a partial 
periodic harvesting followed by topping up the original volume and 
supplementing with nutrients to achieve the original level of enrichment. The 
culture is grown up again and partially harvested. As the culture is not 
harvested completely, the semi-continuous method yields more algae than 
batch methods for a given tank size.  
 
2.12.1 Open Ponds 
 
Open ponds systems are “raceway” designs in which microalgae are cultivated. Nutrients 
can be provided through runoff water from nearby land area or by channeling the water 
from waste treatment plants. The ponds are kept shallow to maintain the algae exposed to 
the sunlight and to keep the sunlight penetrated in the limited depth of the ponds, typically 
from 0.25 to 1m. The water is usually kept in motion by paddle wheels or rotating 
structures (figure 19).  
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During daylight, the culture is fed continuously in front of the paddle wheel where the flow 
begins (figure 20). Broth is harvested behind the paddle wheel, on completion of the 
circulation loop.  
Generally, open ponds are more susceptible to environmental conditions, not allowing 
control of water temperature, evaporation and lighting. Their use is limited to a few algal 
species. Even so, they can produce large amount of microalgae, but occupy more 
extensive land area and are more susceptible to contaminations from other microalgae or 
bacteria. (T.M. Mata et al. 2010) 
Open ponds productivity is measured in terms of biomass produced per day per unit of 
available surface area. This biomass remains low because raceway ponds are poorly 
mixed and cannot sustain an optically dark zone.  
The necessary for a large-scale cultivation area has been pointed out as a limitation in 
using open ponds to grow microalgae for mitigating the CO2 released from power plants. It 
has been estimated that a raceway pond requires 1500 m2 to fix the CO2 emitted from a 
150 MW thermal power plant (Karube et al. 1992) 
 
 
 
Figure 19: Paddle wheel 
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Figure 20: Arial view of an open pond system 
A common feature of most of the algal species produced commercially (i.e. Chlorella, 
Spirulina and Dunaliella) is that they can be grown in open ponds systems and still remain 
relatively free of contamination by other microorganisms.  
2.12.2 Photobioreactors 
 
Algae can be grown in closed systems called Photobioreactors (PBRs). These devices are 
bioreactors which incorporates some type of light source. PBRs are flexible systems that 
can be optimized according to the biological features of the algal species that are 
cultivated. PBRs provide a protected environment with safety from contamination by other 
microorganisms and culture parameters can be better controlled.  
They allow more species to be grown than open systems, and permit especially single-
species culture of microalgae. They also prevent evaporation and reduce water use, lower 
CO2 losses due to outgassing and permit higher cell concentration and consequently 
higher productivity. 
As algae are grown, excess culture is overflowed and harvested. If sufficient care is not 
taken, continuous bioreactors often collapse very quickly.  
PBRs can be divided into four groups: 
 Vertical tubular 
 Horizontal tubular 
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 Plate 
 Plastic bag systems 
Horizontal tubular photobioreactor is explained here.  
A horizontal tubular PBR consists of an array of straight transparent tubes made of plastic 
or glass. This tubular array is the solar collector, where the sunlight is captured. The 
ground of the solar collector is often painted white to increase reflectance to the tubes. 
Tube diameter is limited at 0.1m or less because light does not penetrate too deeply in the 
culture that is necessary to ensure high biomass productivity in the PBR.   
Microalgae cultures circulate from a vessel to the solar collector and go back to the vessel. 
In the solar collector is where photosynthesis occurs, is where algae absorb solar radiation 
or artificial light through the transparent plastic tubes. This operation is in continuous 
mode.  
The water is transported by pumps from the photosynthesis part of the PBR to the feeding 
vessel. The algae are not illuminated in the vessel, so that a natural light-dark system 
between the photosynthesis part and the vessel can occur.  
Biomass sedimentation in tubes is prevented by maintaining highly turbulent flow. Flow is 
produced using a mechanical pump or an airlift pump. 
Artificial illumination of tubular PBRs is technically feasible but expensive compared with 
natural illumination.  
 
Figure 21: Scheme of a horizontal tubular photobioreactor 
49 BIODIESEL FROM MICROALGAE 
As the culture goes along the PBR tube, pH increases because of consumption of carbon 
dioxide. Additional carbon dioxide injection is necessary to prevent carbon limitation and 
an excessive rise in pH. 
PBR requires cooling during daylight hours and control of the temperature during the night. 
The nightly loss of biomass due to respiration can be reduced by lowering the temperature 
at night.   
In outdoor PBR is effectively and inexpensive use heat exchanges for cooling the cultures. 
A heat exchanger may be located in the degassing column.  
To select the suitable biomass production method for making biodiesel it is necessary to 
compare between open ponds and closed PBRs. (Pulz et al. 2001). In Table 8 it is shown 
this comparison.    
Table 8: Comparison of opened and closed production systems 
Parameter or issue Open ponds and raceways  Photobioreactors (PBR) 
Required space High  For PBR itself low 
Water loss Very high, may also cause salt 
precipitation 
Low 
CO2 loss High, depending on pond depth Low 
Oxygen concentration Usually low enough because of 
continuous spontaneous outgas.  
Closed systems requires gas 
exchange devices (O2 must be 
removed to prevent inhibition of 
photosynthesis or photooxidative 
damage) 
Temperature Highly variable, some control 
possible by pond depth 
Cooling often required (immersing 
tubes in cooling baths) 
Shear Low (gentle mixing) High (fast and turbulent flows 
required for good mixing, pumping 
through gas exchange devices) 
Cleaning No issue Required (wall-growth and dirt 
reduce light intensity) 
Contamination Risk High (limiting the number of 
species that can be grown) 
low 
Biomass quality Variable Reproducible 
Biomass concentration Low, between 0.1 and 0.5 g/l High, between 2 and 8 g/l 
Production flexibility Only few species possible, difficult 
to switch  
High, switching possible 
Process control and reproducibility Limited (flow speed, mixing, Possible within certain tolerances 
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temperature only by pond depth) 
Weather dependence  High (light intensity, temperature, 
rainfall) 
Medium (light intensity, cooling 
required) 
Startup 6 – 8 weeks 2 – 4 weeks 
Capital costs High ~ US $ 100.000 per hectare Very high ~ US $ 1.000.000 per 
hectare (plus supporting systems) 
Operating costs Low (paddle wheel, CO2 addition) Very high (CO2 addition, pH-control, 
oxygen removal, cooling, cleaning, 
maintenance) 
Harvesting cost High, species dependent Lower due to high biomass 
concentration and better control 
over species and conditions 
Current commercial applications 5000 t of algal biomass per year Limited to processes for high added 
value compounds or algae used in 
food and cosmetics 
 
 
2.12.3 Culture Parameters 
 
The most important parameters regulating algal growth are nutrient quantity and quality, 
light, pH, salinity, temperature and mixing intensity.   
 Temperature: the culture should be in a temperature as close as possible to the 
temperature at which the microorganisms are collected. Polar organisms (<10°C), 
temperate (10 – 25°C) and tropical (>20°C). Most commonly used species tolerates 
temperatures between 16 and 27°C. Temperatures lower than 16°C will slow down 
growth, whereas those higher than 35°C are lethal for a number of species.  
 Light: light intensity play an important role, most often important light intensities 
range between 100 and 200 µE sec-1 m-2, which corresponds to about 5-10% of full 
daylight (2000 µE sec-1 m-2). Light may be natural or supplied by fluorescent tubes 
emitting blue or red light spectrum (most active portions of light for photosynthesis). 
Light intensity and quality can be manipulated by filters.  
 pH: The pH range for most growing algal species is between 7 and 9, with the 
optimum range being 8.2-8.7, because the pH of natural seawater is around 8. The 
control the pH in culture media is important because certain algae grow only within 
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pH ranges in order to prevent the formation of precipitates. The problem of CO2 
depletion in dense cultures could cause a significant decline in pH. 
 Salinity: Marine algae are extremely tolerant to changes in salinity. Every alga has 
different optimum salinity range that can increase during hot weather conditions 
due to high evaporation. Salinity changes normally affect microalgae in three ways: 
osmosis stress, ion stress and changes of the cellular ion ratios due to the 
selective ion permeability of the membrane. The easiest way for salinity control is 
by adding freshwater or salt as required. Salinities of 20-40 g·l-1 have been found to 
be optimal.  
 Mixing: It is necessary to prevent sedimentation of the algae and ensure that all 
cells of the population are equally exposed to the light and nutrients. It is important 
to avoid thermal stratification and to improve gas exchange between the culture 
medium and the air. However, high speed and turbulence can damage microalgae 
due to shear stress.  
 
2.12.4 Nutrients for algal growth 
 
 Carbon  
Hydrocarbons are composed 90% of carbon and 10% of hydrogen. The source of 
hydrogen is water and the source for the enormous quantity of carbon needed is 
atmospheric CO2, present at the very low concentration of 0.03%. 
 Nitrogen  
The other important nutrient is nitrogen, which comprises 10-13% of the organic 
dry weight of the biomass of growing cultures. It can be utilized by algae in organic 
(urea) or inorganic forms (nitrate, nitric, ammonia).The nitrogenous fertilizer 
ammonium carbonate is a major by-product of the conversion of biomass into oil. It 
is very important to remove nitrogen from the product to get high quality oil. The 
nitrogen removed can be reintroduced into the growth ponds. Nitrite is toxic when 
used in larger amounts and thus not very convenient to use. The assimilation of 
organic nitrogen is highly related to the pH, since ammonia may decrease the pH 
to a low 3.  Nitrogen deficiency results in a growth limitation, but also in a higher 
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proportion of lipids in every cell. Nevertheless, nitrogen deficiency might not always 
result in an increase in total lipid content in microalgae but a change in lipid 
composition. Zhila et al. reported that the green algae Botryococcus braunii 
contained high content (28.4-38.4%) of oleic acid under nitrogen limitation, but the 
content of total lipids and triglycerides did not change. (G. Huang et al. 2010)  
 Phosphorous 
Phosphorous is another significant nutrient for algal growth. A limitation in 
phosphorous will also cause a decreased growth rate. The phosphorous forms 
PO4
3-, H2PO4
- and H2PO4
2- are the most important inorganic sources for algae. 
However, algae can obtain phosphorous from organic compounds, which have to 
be hydrolyzed with the phosphatases. The ideal phosphorous concentration in the 
growth medium varies among the different species. The average concentration is in 
range of 20 to 50µg/l. Phosphorous limitation also increases the amount of 
produced lipids.  
 Silica 
Silica is necessary for the growth of diatoms (is part of the cell wall). The 
assimilation takes places in the later phase of cell growth, when the cell wall is 
built. Sodium metasilicate is used as a silica source for diatoms. Silica deprivation 
increases lipid content in diatoms algal cells.  
 Vitamins 
Some algae require additional vitamins for optimal growth. The most important 
vitamins are B12, thiamine and biotin. Concentrations may range from 1/10 to 
1/100 µg/l.  
 
2.13 History of microalgae production systems 
 
The first large-scale culture of microalgae started in the nearly 1960s in Japan by Nihon 
Chlorella with the Chlorella culture. The interest of using microalgae for renewable energy 
increased in 1970s during the first oil crisis. (Spolaore P. et al 2006) 
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Nowadays, microalgae are seen as an alternative feedstock for biodiesel production, being 
the target for a lot of private and public organizations, aiming to use the most effective and 
cheap technology to produce large amounts of oil. They are considered a second 
generation feedstock with other biomass sources, such as Jatropha Curcas, agriculture 
residues and energy plant crops that are not used as food for human consumption.  
However, microalgae are not cost effective yet to compete with fossil diesel fuel, without 
additional support like government subsidies. Research is being done to turn it 
economically viable.  
If grows using photosynthetic methods microalgae production can be considered carbon 
neutral. This means, all the power needed for producing and processing microalgae would 
come from biodiesel itself, as a consequence of burning biodiesel and with CO2 mitigation 
process.  
 
2.14 Harvesting 
 
Algal harvesting consists of biomass recovery from the culture medium that may contribute 
to 20-30% of the total biomass production cost. Therefore, it is important to select algae 
with properties that simplify harvesting, like algae with large cell size or high specific 
gravity. 
This is considered an expensive part of industrial production of biomass. Microalgae have 
a very nice green-looking suspension. However, in fact from industrial point of view is very 
thin. The optimal material for industrial conversion is containing at least 300-400 g dry 
weight/ L. 
The most common harvesting processes are flocculation, filtration, centrifugation and 
flotation. 
 Flocculation:  
The effluent algal suspension needs to be concentrated. It is proceed with flocculation and 
flotation combination.   
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Flocculation is used to aggregate the microalgae cells to increase the effective particle 
sizes. However, the cell wall is a big barrier to facilitate the extraction and the thickness of 
the cell wall is affected by the conditions of the cells at the time of harvesting. 
Alum and ferric chloride are chemical flocculants used to harvest algae. This method is 
often too expensive in large dimensions. However, interrupting the carbon dioxide supply 
to an algae system can cause microalgae to flocculate on its own, which is called “auto-
flocculation”.    
In the following figure 22 there is a sample of microalgae under flocculation process.  
 
Figure 22: microalgae flocculation process 
 Filtration:  
This method is carried out commonly on membranes of modified cellulose with the aid of a 
suction pump. The greatest advantage of this method is that it is able to collect microalgae 
cells with very slow density. However, concentration by filtration is limited to small volumes 
with eventual clogging in the filters by the package cells when vacuum is applied.   
Filtration is best suited for large microalgae such as Coelastum proboscideum and S. 
platensis, but cannot recover organisms with smaller dimensions such Scenedesmus, 
Dunaliella or Chlorella.  
 Centrifugation: 
Centrifugation is a method of separation algae by using a centrifuge to settling it into the 
bottom of the tank. This method may prove useful on a commercial and industrial scale, 
but is expensive for personal use.  
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A centrifuge is a device that puts an object in rotation around a fixed axis, applying a force 
perpendicular to the axis.  The centrifuge works using the sedimentation principle. This 
method is reasonably efficient, but sensitive algal cells may be damaged by granulation 
against the rotor wall.  
 Flotation: 
Usually flotation is used in combination with flocculation for algae harvesting in waste 
water. It is a simple method by which algae can be made to float on the surface medium 
and then removed. It is used alum to flocculate algae/air mixture, with fine bubbles 
supplied by an air compressor. 
 
2.15 Algae Oil extraction 
 
Under optimal conditions of growth, algae synthesize fatty acids for esterification into 
glycerol-based membrane lipids, which constitute about 5-20% of their dry cell weight. 
Fatty acids can be classified in medium chain (C10-C14), long chain (C16-C18) and very 
long chain (>C20) species and fatty acids derivatives. However, under unfavorable 
environmental conditions, many algae alter their lipid biosynthetic pathways to the 
formation and accumulation of neutral lipids (20-50% DCW), mainly in the form of 
triglycerides (TAGs).  
For biodiesel production, these neutral lipids have to be extracted from microalgae 
biomass. Extraction algal oil is one of the most costly processes which can determine the 
sustainability of microalgae-based biodiesel. 
It is common to apply dehydration of algal biomass to increase its shelf-life and for the final 
product (figure 23). Several methods have been employed to dry microalgae, where the 
most common include spray-drying, drum-drying, freeze-drying and sun-drying. 
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Figure 23: Algae biomass dehydrated 
After drying it follows the cell disruption of microalgae. Several methods can be used 
depending on the microalgae wall and on the product to be obtained. For biodiesel 
production, lipids and fatty acids have to be extracted from the microalgae biomass.  
Algal oil can be extracted using chemical methods or mechanical methods: 
2.15.1 Mechanical methods 
 
These methods are classified in mechanical expeller press and ultrasonic assisted 
extraction.  
 Expeller press: algae are dried to retain its oil content and it can be pressed out 
with an oil press. Commercial manufactures use a combination of mechanical 
press and chemical solvents in extracting oil.  
 Ultrasonic extraction: This method is a brand of Sonochemistry4. Ultrasonic waves 
are used to create bubbles in a solvent material, when these bubbles collapse near 
the cell walls, it creates shock waves and liquid jets that cause those cells walls to 
break and release their contents into the solvent. This method can be done with dry 
or wet microalgae, with wet is necessary to extract part of the water from the mash 
before extraction oils with a solvent.  
 
 
 
                                               
4
 Sonochemistry is the study of chemical reactions powered by high-frequency sound waves. 
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2.15.2 Chemical Methods 
 
Neutral lipids or storage lipids are extracted with non-polar solvents such as diethyl ether 
or chloroform but membranes associated lipids are more polar and require polar solvents 
such as ethanol or methanol to disrupt hydrogen bondings or electrostatic forces.  
The chemical extraction solvents are Hexane, benzene and ether. The fist one is the most 
popular and inexpensive but is a good solvent only for lipids of low polarity. Benzene is no 
more used since it is now considered as a potent carcinogenic substance. This it may be 
replaced by toluene. By working with chemicals care must be taken to avoid exposure to 
vapors and contact with the skin.  
 Hexane solvent method: Hexane solvent can be used together with a mechanical 
extraction method, first pressing the oil. After the oil has been extracted using an 
expeller, the remaining product can be mixed with hexane to extract all the oil 
content.  Then, Oil and hexane are separated by distillation. Different solvents can 
be also used such as ethanol (96%) and hexane-ethanol (96%) mixture. With these 
solvents it is possible to obtain up to 98% quantitative extraction of purified fatty 
acids.  
 Soxhlet extraction: Oils from algae are extracted through repeated washing, with 
an organic solvent such as hexane or petroleum ether, under reflux in special 
glassware or Soxhlet extractor shown in figure 24. 
 
Figure 24: Soxhlet extractor 
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 Folch method: the tissue is homogenized with chloroform/methanol (2:1 v/v) for 
1,5h. The liquid phase is recovered by filtration or centrifugation, and the solvent is 
washed with 0.9% NaCl solution. The lower chloroform phase containing lipids is 
evaporated under vacuum in a rotary evaporator.  
 Supercritical fluid extraction: in supercritical fluid/CO2 extraction, CO2 is liquefied 
under pressure and heated to the point that it has the properties of both liquid and 
gas. This liquefied fluid then acts as a solvent for extracting the oil. CO2 is the most 
used supercritical solvent because the compounds can be obtained without 
contamination by toxic organic solvents and without thermal degradation.  
 
Microalgae biomass contains significant quantities of proteins, carbohydrates, lipids and 
other nutrients (table 9). The residual biomass can be used as animal and fisheries feed, 
and after anaerobic digestion can be used as fertilizers and composts. 
 
Table 9: Chemical composition of Algae expressed on a dry matter basis (%) 
Strain Protein Carbohydrates Lipids Nucleic acid 
Scenedesmus obliquus 50-60 10-17 12-14 3-6 
Scenedesmus quadricauda 47 - 1.9 - 
Scenedesmus dimorphus 8-18 21-52 16-40 - 
Chlamydomonas rheinhardii 48 17 21 - 
Chlorella vulgaris 51-58 12-17 14-22 4-5 
Chlorella pyrenoidosa 57 26 2 - 
Spirogyra sp. 6-20 33-64 11-21 - 
Dunaliella bioculata 49 4 8 - 
Dunaliella salina 57 32 6 - 
Euglena gracilis 39-61 14-18 14-20 - 
Prymnesium parvum 28-45 25-33 22-38 1-2 
Tetraselmis maculata 52 15 3 - 
Porphyridium cruentum 28-39 40-57 9-14 - 
Spirulina platensis 46-63 8-14 4-9 2-5 
Spirulina maxima 60-71 13-16 6-7 3-4.5 
Synechoccus sp. 63 15 11 5 
Anabaena cylindrica 43-56 25-30 4-7 - 
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2.16 Yield parameters 
 
2.16.1 Lipid content 
 
Many microalgae species can be induced to accumulate high amounts of lipids thus 
contributing to a high oil yield. Typically, lipid content of microalgae oil is recorded as 
percentage of dry cell weight (% dcw). 
In Figure 25 it is illustrated that lipid content may be enhanced by nutrient deficiency. In 
this figure it is shown an average laboratory lipid content under nitrogen replete and 
nitrogen deprived conditions for green algae (Chlorophyta) and blue green algae 
(Cyanobacteria). For green algae, nitrogen deprivation increase lipid content, except of 
Chlorella sorokiniana which does not change. For Cyanobacteria only Oscillatoria shows 
an increase in lipid content with nitrogen deprivation. (Griffiths et al. 2009)  
 
Figure 25: Lipid content under nutrient replete and nitrogen deficiency conditions 
○ Nitrogen replete: Stoichiometric balanced nitrogen conditions where no evidence of 
nutrient reduction in the medium is provided.  
● Nitrogen deficient: nitrogen was completely reduced from the culture medium or reduces 
below Stoichiometric requirements for growth.  
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2.16.2 Specific growth rate 
 
Biomass productivity is the mass of oil produced per unit volume of microalgae broth per 
day, and it depends on the algal growth rate and the oil content of biomass. It can be 
calculated dividing the difference between the dry weights at the start and at the end of the 
experiment by its duration (days).   
The specific growth rate can be calculated by the equation 1: 
 
Where Xm is the microalgae biomass concentration at the end of culturing process in 
batch mode (g/L) and Xo at the beginning of the process  
T is the time (h) of culturing process and µ the specific growth rate (hours -1) 
 
2.16.3 Lipid productivity 
 
Lipid productivity can be calculated as the product of biomass productivity (g/L/day) and 
lipid content (% dcw), to give an indicator of oil produced on a basis of volume and time. 
The lipid productivity can be calculated also by the equation 2:  
 
Where Cl is the concentration of lipids at the end of batch process and t the time running 
the process (mg/L/day) 
Table 10: Biomass productivity, lipid content and lipid productivity of 30 microalgae cultivated in 250-
ml flasks 
Microalgae strains Habitat Biomass productivity 
(g/L/day) 
Lipid content 
(% biomass) 
Lipid productivity 
(mg/L/day) 
Tetraselmis suecica F&M-M33 Marine 0.32 9.5 34.8 
Tetraselmis sp. F&M-M34 Marine 0.30 14.7 43.4 
P.tricorcutum F&M-M43 Marine 0.24 18.7 44.8 
Nannochloropsis sp. F&M-M26 Marine 0.21 29.6 61.0 
Nannochloropsis sp. F&M-M27 Marine 0.20 24.4 48.2 
Nannochloropsis sp. F&M-M24 Marine 0.18 30.9 54.8 
Nannochloropsis sp. F&M-M29 Marine 0.17 21.6 37.6 
Nannochloropsis sp. F&M-M28 Marine 0.17 35.7 6.09 
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Ellipsoidon sp. F&M-M31 Marine 0.17 27.4 47.3 
Pavlova Salina CS 49 Marine 0.16 30.9 49.4 
Pavlova lutheri CS 182 Marine 0.14 35.5 50.2 
Isichrysis sp. F&M-M37 Marine 0.14 27.4 37.8 
Skeletonema sp. CS 252 Marine 0.09 31.8 27.3 
Thalassiosira pseudonana CS 173 Marine 0.08 20.6 17.4 
Skeletonema costatum CS 181 Marine 0.08 21.1 17.4 
Chaetoceros muelleri F&M-M43 Marine 0.07 33.6 21.8 
Chaetoceros calcitrans CS 178 Marine 0.04 39.8 17.6 
Chlorococcum sp. UMACC 112 Freshwater 0.28 19.3 53.7 
Scenedesmus sp. DM Freshwater 0.26 21.1 53.9 
Chlorella sorokiniana IAM-212 Freshwater 0.23 19.3 44.7 
Chlorella sp. DM Freshwater 0.23 18.7 42.1 
Scenedesmus sp. F&M-M19 Freshwater 0.21 19.6 40.8 
Chlorella vulgaris F&M-M49 Freshwater 0.20 18.4 36.9 
Scenedesmus quadricauda Freshwater 0.19 18.4 35.1 
Monodus subterraneus UTEX 151 Freshwater 0.19 16.1 30.4 
Chlorella vulgaris CCAP 211/11b Freshwater 0.17 19.2 32.6 
 
The best lipid producers, the strains showing the best combination of biomass productivity 
and lipid content, are the marine members of Nannochloropsis. These strains, as it is 
shown in table 10, are the best candidates for algal oil production. (Rodolfi et al. 2009)   
The relation between specific growth rate, lipid content and lipid productivity is shown in 
the following diagrams (fig. 26). Microalgae Nannochloropsis sp. F&M-M24 was cultivated 
outdoors in nutrient sufficiency (control) or under nitrogen or phosphorous deprivation 
during one week. (Rodolfi et al. 2009) 
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Figure 26: Relation between lipid content, lipid productivity and biomass productivity 
The lipid content under P-deprived culture increased after 4 days culturing and was 
balanced by the decrease in biomass productivity, with no beneficial effects in lipid 
productivity. Differently, the N-deprived culture increased regularly its lipid content since 
the first day, reaching 60% after 3 days.    
While carbohydrates can be reached high yields without reduction in productivity, lipid 
accumulation is often associated to a reduction in biomass productivity.  
  
2.17 Biodiesel Production from Microalgae 
 
The oil extracted has to be esterified with an alcohol to become biodiesel. The process is 
similar to those oils used for other types of biodiesel (such as rapeseed or soybean oils).  
The Main process to produce biodiesel from microalgae is illustrated in figure 27. 
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Figure 27: Main process to obtain biodiesel from microalgae 
 
In preliminary experiments of production biodiesel with microalgae oils, the alkali catalysts 
(KOH or NaOH) were not suitable in basic transesterification because of the high acid 
value of the algal oil. Therefore, the experiments were toke place by using acid catalyst. 
(X. Miao, Q. Wu 2006). 
 Acid transesterification of microalgae oil 
The acid catalyzed transesterification were carried out in flasks and heated to the 
reaction temperature in a water bath reactor. The mixture consists of microalgae 
oil, methanol and concentrated sulfuric acid. In figure 28 it is shown the main acid 
catalyst transesterification reaction.   
The mixture was heated for specific time, cooled, and left separated in the settling 
vessel to obtain two layers. The upper oil layer (biodiesel) was separated, washed 
with petroleum ether and then washed with hot water (50°C). The biodiesel product 
was obtained by evaporating the ether solution. 
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Figure 28: Acid catalyst transesterification reaction 
 
With the same procedure, green algae Scenedesmus obliquus was studied using 
60:1 molar ratio of methanol to oil, at 30ºC and 100% sulfuric acid catalyst 
concentration. Accumulation of lipid started at the early phase of growth, maximum 
accumulation (12.7% dcw) was observed at the stationary phase. 
The most abundant composition of microalgal oil transesterified with methanol and 
acid catalyst is C19H36O2, which is suggested to accord with the standards of 
biodiesel.  
A sample was taken for analysis by thin layer chromatography (TLC) and gas 
chromatography- mass spectrometry (GC- MS), methylplysiloxane capillary column 
(30 m x 0.25mm x 0.25 µm) was used for the analysis.  
The sample consisted mainly of methyl palmitate and methyl oleate, which were 
almost 75% of the total FAME, while esters of other long chain fatty acids such as 
Linoleic and Linolenic were of 10.8% and 15%, respectively. (Mandal et al. 2009) 
In figure 29 it is shown the gas chromatography spectrum of fatty acid methyl 
esters in biodiesel from microalgae. 
  
 
Figure 29: Gas chromatography spectrum of FAME 
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Other processes to convert algal biomass directly into biodiesel, without prior drying are 
fast pyrolysis or Thermochemical liquefaction. 
 Fast Pyrolysis 
Pyrolysis of microalgae to produce biofuels was put forward in Germany in 1986.  
Pyrolysis is a phenomenon related to biomass decomposition under the condition of 
oxygen deficiency and high temperature. This technology is suitable for microalgae oil 
extraction because of the lower temperature and the high quality of the oils obtained.  
Compared to slow pyrolysis, fast pyrolysis is a new technology which produces biofuels in 
the absence of air at atmospheric pressure, with a relatively low temperature (450 – 
550ºC) and high heating rate (103 – 104 ºC/s) as well as short gas residence time to crack 
into short chain molecules and be cooled to liquid quickly. 
The advantages of using fast pyrolysis instead of low pyrolysis are followed: 
 Less bio-oils are produced from slow pyrolysis 
 The viscosity of bio-oils from slow pyrolysis is not suitable for liquid fuels.  
 Fast pyrolysis process is time saving and requires less energy compared to 
slow pyrolysis.  
 
 Thermochemical Liquefaction 
Liquefaction has been developed to produce biodiesel directly without the need of drying 
microalgae. The microalgae are converted into oily substances under the influence of high 
temperature and high pressure. Liquefaction was performed using conventional stainless 
steel autoclave with mechanical stirring. The autoclave was charged with algal cells, 
following with nitrogen introduced to purge the residual air. Pressurized Nitrogen at 2-
3MPa is needed to control the evaporation of water.  The reaction started by heating the 
autoclave to a fixed temperature, between 250 and 400ºC. This temperature was kept 
constant for 60min, and then it was cooled. When the reaction finished, the mixture was 
extracted with dichloromethane in order to separate the oil fraction from the aqueous 
phase. The yield is a dark-brown viscous oil.  
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The product yield in Thermochemical liquefaction can be calculated using the following 
equation: 
 
 
In table 11 it is shown a comparison between biodiesel from microalgae oil, conventional 
diesel and standard biodiesel (by ASTM). The properties are quite similar in both, biodiesel 
and biodiesel from microalgae, but it is important to recognize that biodiesel made by 
microalgae oil has a high viscosity value compared with diesel or biodiesel standard.  
(Miao et al. 2006) 
Table 11: Comparison of properties of biodiesel from microalgae oil and diesel fuel and ASTM 
biodiesel´s Standard 
 
Properties Biodiesel from 
microalgae oil 
Diesel fuel ASTM biodiesel standard 
Density (kg/l) 0.864 0.838 0.86 – 0.9 
Viscosity ( /s, cSt at 40°C) 
5.2 1.9 – 4.1 3.5 – 5.0 
Flash Point (°C) 115 75 Min 100 
Solidifying point (°C) -12 -50 to 10 - 
Cold filter plugging point (°C) -11 -3 (max. -6,7) Summer max 0; winter max -15 
Acid value (MJ/kg) 0.374 Max. 0.5 Max 0.5 
Heating value (MJ/kg) 41 40-45 - 
H/C ratio 1.81 1.81 - 
 
 
2.18 Algae for carbon dioxide mitigation 
 
Using algae for reducing the CO2 concentration in the atmosphere is known as algae-
based carbon capture technology. This technology offers a safe and sustainable solution 
to the problems associated with global warming.   
Microalgae have the ability to fix CO2 while capturing solar energy with efficiency of 10-15 
times greater than that of terrestrial plants, and produced biomass for biofuels production. 
(Khan et al. 2009) 
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The algae production can be fed with the exhaust gases from coal, power plants, cement 
plants, steel plants, and other polluting sources, to increase the algal productivity and 
clean up the air. Flue gases from power plant are responsible for more than 7% of the total 
world CO2 emissions.  
Table 12 summarizes a few microalgae strains that have been studied for CO2 mitigation. 
Most of the species studied are green algae, except of Spirulina sp. which is prokaryotic 
cyanobacteria. (Khan et al. 2009) 
 
Table 12: Microalgae strains studied for CO2 mitigation 
Microalgae strains CO2 (%) Temp. (ºC) Biomass productivity 
(g/L/day) 
CO2 fixation rate 
(g/L/day) 
Chlorococcum littorale 40 30 - 1.0 
Chlorella kessleri 18 30 0.087 0.163 
Chlorella sp. UK001 15 35 - >1 
C. vulgaris 15 - - 0.624 
C. vulgaris Air 25 0.040 0.075 
C. vulgaris Air 25 0.024 0.045 
Chlorella sp. 40 42 - 1.0 
Dunaliella salina 3 27 0.17 0.313 
Haematococcus pluvialis 16-34 20 0.076 0.143 
Scenedesmus obliquus Air - 0.009 0.016 
S. obliquus Air - 0.016 0.031 
B. braunii - 25-30 1.1 >1 
S. obliquus 18 30 0.14 0.26 
Spirulina sp. 12 30 0.22 0.413 
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3. Experimental Background 
 
This section describes the experimental aspects of biodiesel production with rapeseed oil, 
ethanol and alkali catalysts, NaOH and KOH, on a small scale in the laboratory. 
3.1 Reagents 
 
As explained in previous sections, biodiesel is produced by reaction of vegetable oils and 
alcohols with the presence of catalysts. 
 
There have been used as raw materials: 
 Rapeseed oil 
 Ethanol 99.5% w/w  
 Catalysts: NaOH and KOH 
 Phosphoric acid 85% w/w 
 Acetone 
 
3.2 Material Used 
 
The instruments which have been used are: 
 Thermometers 
 Magnetic stirrers 
 Erlenmeyer flasks 
 Decanters 
 Graduated cylinders  
 Watch-glass 
 Graduated flasks 
 Pipettes 
 Volumetric flasks 
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 Distilled water flask 
 
3.3 Equipments 
 
To carry out the practice following equipments were needed: 
3.3.1 Water bath 
 
Raw materials, catalyst, alcohol and oil, are introduced into the water bath (figure 30) and 
carried out the products of the chemical reaction obtained, as glycerin and biodiesel. 
The chemical reaction takes place in an Erlenmeyer of 500 ml. The raw materials are the 
catalyst, ethanol and rapeseed oil while the products are glycerin and biodiesel. 
 
Figure 30: Water bath 
Water bath is a metal container with a resistance inside. The Erlenmeyer with raw 
materials is introduced into the water-bath. The temperature inside the vessel is controlled 
by a thermometer. Thus, the reaction takes place at the right temperature. It also can be 
studied the influence of the temperature in the production of biodiesel. In these 
experiments the temperatures studied are 40 and 50º C.  
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3.3.2 Heating and agitation plates 
 
At the beginning of the experimental process, preheating and agitation of the catalyst and 
ethanol take place.  
The agitation is facilitated with magnetic stirrers (fig. 31). Preheating of the oil to remove 
any traces of water also takes place. During the reaction, the reactants remain in a 
turbulent mixing, to accelerate dilution process.   
 
Figure 31: Heating and agitation plates 
3.3.3 Electronic Balance 
 
The amount of catalyst is weight out by the electronic balance, as well as the amount of 
biodiesel obtained in each experiment. When weighting sodium hydroxide out, it is 
important to get the lye fresh and keep the container tightly closed, to avoid water 
absorption from the atmosphere.  
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3.4 Experimental Procedure 
 
 
Step 1: Mixture of catalyst and alcohol 
The amount of ethanol is measured in a test tube and poured into the Erlenmeyer flask.  
The amount of catalyst, NaOH or KOH, is weighed out by the electronic balance and 
added to the flask. 
Each catalyst is mixed into the ethanol flask. The dissolution of the catalyst into ethanol 
could be a slowly process. Heating and continuous stirring must be transferred into the 
flask to accelerate this process. KOH dissolves in ethanol much faster than NaOH. It is 
important to ensure that catalyst is completely dissolved into ethanol before use it. 
Potassium/sodium ethoxide is formed by dissolving potassium/sodium hydroxide into 
ethanol. 
 
Step 2: Preheat oil to 100 ºC 
Commercial rapeseed oil is preheated into the flask on the shaker plate to remove water 
traces. Oil temperature must reach 100 ºC, the water boiling point.  
 
Step 3: Preparation of the water bath 
While initial steps were carrying out, the water bath has to be filled with tap water and 
programmed to the required temperature studied in the process.   
 
Step 4: Mixture of reactants 
Oil was heated previously at 100ºC to remove water traces. Then, the vessel was 
introduced into the water-bath and was agitated with a magnetic stirrer.  
When oil vessel reached the setting point temperature, between 40 and 50ºC, the mixture 
ethanol/catalyst is added into the oil. At this moment, transesterification reaction starts. 
 
Step 5: Transesterification reaction 
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In this step it takes place transesterification reaction explained in the theoretical part. The 
amount of oil mixed with ethanol in presence of a catalyst is reacted and biodiesel with 
glycerin are produced. Other non desirable products like soap can be produced in the 
reaction, altering ethyl esters yields. This chemical reaction is given itself for the required 
time.  
Time it is also changed to study the effect in biodiesel yield. The reaction time studied is 
60 minutes and 120 minutes. 
 
Step 6: Separation of products 
When the reaction is finished, the resulting mixture is removed from the vessel and poured 
into a decanter. The products are separated by density differences. Glycerin phase is 
much denser than biodiesel phase and it can be gravity separated into the bottom of the 
settling vessel (fig 32). The separation can take about 24 hours to carry out correctly. 
 
Figure 32: Reaction products separated by decantation 
 
Step 7: Cleaning biodiesel with phosphoric acid 5% w/w 
When biodiesel and glycerin are clearly separated, glycerin has to be removed leaving 
only biodiesel in the decanter. 
To clean the biodiesel phase is employed a phosphoric acid solution at 5% w/w. It has to 
be prepared from phosphoric acid at 85% w/w. 
Biodiesel 
Glycerin 
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An amount of acid solution (similar to the amount of biodiesel) is added into the settling 
vessel and mixed gently to remove residual glycerin and impurities. Few minutes later the 
cleaned biodiesel is deposited in a new vessel.  
3.5 Methods of Data Analysis 
 
Once biodiesel is obtained, a series of tests will be carried out to know some physical 
properties such as density, refraction index, viscosity and yield. 
3.5.1 Density 
 
To determine the density of the biodiesel is necessary to know its mass and volume. 
Before deposited the cleaned biodiesel in an Erlenmeyer, the reaction product is put down 
in a graduated cylinder where the volume is measured. 
The mass is calculated weighting the Erlenmeyer flask empty and full with biodiesel. The 
difference will be the mass of the fuel. 
With these two values the density is obtained, which is mass divided by volume. 
3.5.2 Refraction Index 
 
Refraction index is the ratio of the speed of light in air or in a vacuum to the speed of light 
in another medium; it is a measure of how much the speed of light is reduced inside a 
medium. 
It is symbolized by „n‟ and it is a dimensionless value:  
v
c
n   
Where:  
c= speed of light in vacuum 
v= speed of light in a medium whose index is calculated 
The refractometer is the device which allows us to measure the refractive index (figure 33). 
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Figure 33: Refractometer 
3.5.3 Dynamic Viscosity 
 
Viscosity is a measure of the internal friction or resistance of an oil to flow. 
Viscosity coefficients can be defined by: 
 Dynamic viscosity, also called absolute viscosity, the more usual one;  
 Kinematic viscosity is the dynamic viscosity divided by the density. 
Dynamic viscosity is calculated with the following formula: 
)( mediumballtk    
Where: 
η = dynamic viscosity of the medium which has been studied 
k = geometric constant 
t = fall time of the object 
ρ ball = density of the object 
ρ medium = density of the medium which has been studied 
The viscometer is used to calculate this physical property. The equipment has a hollow 
tube with an object within it (figure 34). This tube is filled with the medium that is being 
studied. 
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The density of the medium, in this case biodiesel, is known.  
The density of the object, ρball, is calculated from its mass and volume (obtained by volume 
of water displaced).  
To know the constant value k, it is necessary to use the viscometer in a medium with 
density and viscosity known. In this case, it was used a 20% glycerol dissolution. Its 
density and viscosity at room temperature were known from the literature. The value 
obtained was k = 5.2010. The densities were in g/cm3 and time in seconds. 
 
Figure 34: Viscometer 
3.5.4 Kinematic Viscosity 
 
Kinematic viscosity represents the properties of the fluid throwing away the forces that 
generate its motion. It is obtained through the ratio of absolute viscosity and density of the 
product: 


   
Where: 
v = kinematic viscosity of the medium 
η = dynamic viscosity of the medium 
ρ = density of the medium 
3.5.5 Yield of biodiesel 
 
Yield is the most important parameter in biodiesel production.  
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As explained before, this is the reaction of biodiesel production from oil and alcohol in 
presence of a catalyst: 
 
Figure 35: Transesterification reaction 
 
For every mol of Tri-glyceride (oil) , three mol of biodiesel (esters) will be theoritically 
formed. 
The yield of the biodiesel indicates the percentage of biodiesel produced in relation to the 
theoretical volume calculated (with 100% yield). It can be calulated by the following 
equation:  
100% 
theoV
realV
yield
i
i  
Where:  
Vi real= Volume of biodiesel obtained in each sample i 
Vi theo= theoretical volume of biodiesel that should be obtained in each sample i 
The volume of biodiesel obtained is known and measured for each sample. 
The theoretical volume is calculated from the molar weight (857 g/mol, from literature) and  
density (0.8185g/mL, estimated in laboratory) of rapseed oil, and the molar weight (301 
g/mol, from literature) and  density (one for each sample) of biodiesel. 
In the experiments using NaOH as catalyst, 250 ml oil was used. The amount of moles of 
oil used was calculated according:  
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The theoretical amount of biodiesel formed is: 
7164.032388.0 moles  moles of biodiesel. 
The theoretical volume of produced biodiesel is: 
i
NaOHi
mol
g
ltheoreticaV

3017164.0 
  
Being ρi the density of the produced biodiesel. 
In the experiments using KOH as catalyst, the amount of rapeseed oil was 200 ml.  The 
theoretical volume of produced biodiesel is::  
i
KOHi
mol
g
ltheoreticaV

30157305.0 

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3.6 Results and Discussion 
 
The data obtained were classified by the alkali catalyst used, NaOH and KOH.  
 
3.6.1 Results with NaOH as a catalyst 
 
The trials have been done with NaOH as a catalyst varying the amount of oil, the amount 
of catalyst, ethanol, reaction time and temperature. In tables 13 and 14 there are listed the 
results and data obtained with NaOH.   
Table 13: Physical properties of each sample 
Sample 
ml 
oil 
ml 
EtOH 
g 
NaOH 
Reaction 
Time   
(min.) 
Temperatur
e  (ºC) 
ml       
biodiesel 
g 
biodiesel 
refractio
n 
averag
e time 
density   
biodiesel 
dynamic   
viscosity 
kinematic   
viscosity 
1 250 75 1.749 120 50 234 193.833 1.453 0.787 0.828 2.028 2.448 
2 250 100 1.737 120 50 200 163.700 1.451 0.773 0.819 2.033 2.484 
3 250 75 1.772 60 50 0 0 0 0 0 0 0 
4 250 150 1.746 120 50 0 0 0 0 0 0 0 
5 250 100 1.725 60 50 244 202.447 1.451 0.823 0.830 2.117 2.551 
6 250 75 1.782 60 50 238 198.500 1.456 0.893 0.834 2.276 2.730 
7 250 75 1.008 60 40 227 194.787 1.454 0.923 0.858 2.237 2.607 
8 250 75 2.273 60 40 212 174.000 1.452 0.807 0.821 2.111 2.572 
9 250 75 1.718 120 40 225 189.000 1.453 0.817 0.840 2.056 2.447 
10 250 100 0.957 60 40 274 228.250 1.447 0.743 0.833 1.898 2.279 
11 250 100 1.972 60 40 265 223.059 1.446 0.807 0.842 2.023 2.404 
 
 
Table 14: Yield of biodiesel produced with NaOH. Rapeseed oil and ethanol 
Sample ml oil Ratio 
EtOH/oil 
density   
biodiesel 
Vi real Vi 
theoretical 
yield % 
1 250 5,39 0.828 234 260.4 90 
2 250 7,18 0.819 200 263.3 76 
5 250 7,18 0.83 244 259.8 94 
6 250 5,39 0.834 238 258.6 92 
7 250 5,39 0.858 227 251.3 90 
8 250 5,39 0.821 212 262.6 81 
9 250 5,39 0.84 225 256.7 87 
10 250 7,18 0.833 274 258.9 100 
11 250 7,18 0.842 265 256.1 100 
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3.6.2 Results with KOH as a catalyst 
 
In tables 15 and 16 are listed the results obtained with KOH as a catalyst.  
Table 15: Physical properties of each sample  
Sample ml 
oil 
ml 
EtOH 
g KOH reaction 
time 
(min.) 
Temperature 
(deg. C) 
ml 
biodie-
sel 
g 
biodie-
sel 
refract
ion 
average 
time 
density 
biodiesel 
dynamic 
viscosity 
kinematic 
viscosity 
1 200 60 1.611 60 50 0 0 0 0.0000 0.0000 0.0000 0.0000 
2 200 60 2.46 120 50 0 0 0 0.0000 0.0000 0.0000 0.0000 
3 200 80 1.583 60 50 0 0 0 0.0000 0.0000 0.0000 0.0000 
4 200 80 2.391 120 50 178 149.468 1.4481 0.8000 0.8397 2.0150 2.3997 
5 200 120 1.565 60 50 0 0 0 0.0000 0.0000 0.0000 0.0000 
6 200 60 1.999 60 50 0 0 0 0.0000 0.0000 0.0000 0.0000 
7 200 80 2.518 60 50 193 161.009 1.4476 1.0833 0.8342 2.7595 3.3078 
8 200 120 2.041 60 50 0 0 0 0.0000 0.0000 0.0000 0.0000 
9 200 60 2.462 60 50 0 0 0 0.0000 0.0000 0.0000 0.0000 
10 200 80 3.493 60 50 0 0 0 0.0000 0.0000 0.0000 0.0000 
11 200 80 2.955 60 50 0 0 0 0.0000 0.0000 0.0000 0.0000 
12 200 120 2.99 60 50 0 0 0 0.0000 0.0000 0.0000 0.0000 
13 200 80 2.531 120 50 208 173.405 1.4466 0.8467 0.8337 2.1591 2.5899 
14 200 80 3.475 120 50 0 0 0 0.0000 0.0000 0.0000 0.0000 
15 200 60 2.071 60 50 178 149.149 1.4521 0.7600 0.8379 1.9214 2.2930 
16 200 80 2.085 60 50 194 161.363 1.447 0.7833 0.8318 2.0054 2.4110 
17 200 120 3.476 60 50 0 0 0 0.0000 0.0000 0.0000 0.0000 
18 200 60 2.115 60 40 158 132.56 1.456 1.1867 0.8390 2.9934 3.5679 
19 200 80 1.998 60 40 222 185.57 1.4456 0.8367 0.8359 2.1240 2.5409 
20 200 120 2.395 60 40 0 0 0 0.0000 0.0000 0.0000 0.0000 
21 200 80 2.478 60 40 212 174.18 1.4458 0.7700 0.8216 2.0120 2.4488 
22 200 60 2.415 60 40 180 151.69 1.4535 0.7333 0.8427 1.8356 2.1782 
 
 
Table 16: Yield of biodiesel produced with KOH. Rapeseed oil and ethanol 
 
 
 
 
 
 
 
 
 
Sample ml 
oil 
Ratio 
EtOH/oil 
density 
biodiesel 
ml 
biodiesel 
Vi 
theoretical 
yield % 
4 200 7,18 0.839 178 205.4 87 
7 200 7,18 0.834 193 206.8 93 
13 200 7,18 0.833 208 206.9 100 
15 200 5,39 0.837 178 205.9 86 
16 200 7,18 0.831 194 207.4 93 
18 200 5,39 0.839 158 205.6 77 
19 200 7,18 0.835 222 206.3 100 
21 200 7,18 0.821 212 209.9 100 
22 200 5,39 0.842 180 204.7 88 
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 Biodiesel Yield Calculation 
In all experiments with NaOH as catalyst, the amount of rapeseed oil was kept on a 
constant value of 250 ml. And in all samples with KOH as catalyst, the amount of rapeseed 
oil was 200ml.  The density of commercial rapeseed oil is 0.8185 g/ml. Generally, best 
yields were obtained from the reaction with KOH as a catalyst. However, in some samples 
with KOH as catalyst the reaction was not complete and no yields were obtained. These 
data with negative results are due to experimental errors or parallel reactions because of 
the presence of water or free fatty acids.   
 Effect of reaction time 
The reaction time was varied between 60 and 120 min and the effect in the results it is 
shown in figures 36 and 37. 
 
Figure 36: Effect of reaction time with Sodium hydroxide as a catalyst 
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Figure 37: Effect of reaction time with Potassium hydroxide as a catalyst 
The results of biodiesel production at the studied conditions show that a reaction time of 1 
hour is enough to get high yield. An increasing of the reaction time up to 2 hours does not 
enhance the yield.  
 
 Effect of reaction temperature 
The temperature of the process varies between 40 and 50 ºC and the effect in the results it 
is shown in figures 38 and 39.  
 
Figure 38: Effect of temperature with Sodium hydroxide as a catalyst 
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Figure 39: Effect of temperature with Potassium hydroxide as a catalyst 
If the temperature is too low, the transesterification reaction may not occur. If the 
temperature is too high, the oil composition can change from triglycerides to di-, mono-
glycerides or free fatty acids, causing incomplete reaction, smaller yields, parallel reactions 
and increasing the cost of the process.  
The obtained results show that with a temperature of 40 ºC a high yield of biodiesel was 
obtained. An increasing of the temperature up to 50 ºC, in NaOH trials, did not result in 
significant higher yield.   
 Effect of the amount of alcohol 
 
The amount of alcohol was studied in the process with both catalysts and the effect it is 
shown in figures 40 and 41. The trials with high amount of alcohol (120 ml) did not react in 
the process.  
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Figure 40: Effect of the amount of ethanol with Sodium hydroxide as a catalyst 
 
Figure 41: Effect of the amount of ethanol with Potassium hydroxide as a catalyst 
In both diagrams it is shown the effect of the amount of alcohol in biodiesel yield. In the 
trials with NaOH the amount of alcohol was studied with 75ml and 100ml (ratio EtOH/oil: 
5.4 and 7.2) .The reaction time was 60 min (2 trials) and 120 min (2 trials) in NaOH. In the 
trials with KOH, the reaction time was 60 min. 
In general, an increasing of the amount of alcohol (from a ratio EtOH/oil from 5.4 to 7.2) in 
the studied conditions results in an increasing of the yield of biodiesel. When the ratio 
EtOH/oil was increased to 8.6 (120 ml EtOH and 250 ml oil) the reaction did not take 
place.   
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 Effect of alkali catalyst amount 
The amount of catalyst was studied in the process and the effect in biodiesel yield is 
shown in figures 42 and 43. 
 
Figure 42: Effect of amount of Sodium hydroxide as a catalyst 
 
Figure 43: Effect of amount of Potassium hydroxide as a catalyst 
For 250 ml oil an amount of 1 g NaOH (ratio NaOH/oil= 0.1) it is enough reach a high yield 
of biodiesel.  Using 2 g KOH with 200 ml oil (ratio KOH/oil = 0.2) a high yield of biodiesel 
was obtained. As shown in previous graphs, a small increase of the amount of catalyst 
does not produce significant alteration in the yield. 
In table 17 it is shown how an increasing of amount of ethanol, reaction time, reaction 
temperature and catalyst affect the amount of biodiesel, density, refractive index and 
viscosity in both KOH and NaOH samples. This comparison is acquired from previous data 
results.  
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Table 17: Comparative table of results 
 NaOH KOH 
+ amount of EtOH ml biodiesel different influence 
according to the 
sample 
+  
density different influence 
according to the 
sample 
+  
refractive index -  -  
Viscosity different influence 
according to the 
sample 
different influence 
according to the 
sample 
+ reaction time ml biodiesel -  +  
density almost no influence different influence 
according to the 
sample 
refractive index -  different influence 
according to the 
sample 
viscosity almost no influence -  
+ reaction 
temperature 
ml biodiesel +  different influence 
according to the 
sample 
density -  -  
refractive index almost no influence different influence 
according to the 
sample 
viscosity almost no influence -  
+ amount of catalyst ml biodiesel -  different influence 
according to the 
sample 
density different influence 
according to the 
sample 
different influence 
according to the 
sample 
refractive index almost no influence different influence 
according to the 
sample 
viscosity different influence 
according to the 
sample 
-  
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4. Conclusions 
 
Main Conclusions 
Biodiesel can be produced from plant oils, animal fats and waste cooking oils. This 
feedstock have been suitable for biodiesel production and for running in diesel engines 
(currently blended with diesel). The demand of biodiesel production is increasing every 
year, and oil crops are compromising food crops. So, other sources of biodiesel such as 
microalgae will have to be commercialized.  
Microalgae are potential candidates for using excessive amounts of CO2. Since the 
cultivation of these organisms are capable of fixing CO2 to produce energy and chemical 
compounds with the presence of sunlight.   
The oil extracted from microalgae to produce biodiesel has a number of advantages over 
other oil crops. Microalgae, considered as a second generation feedstock, can be grown in 
non agricultural land, sea water, freshwater as well as in waste water. They are more 
productivity than crop plants and have the ability of carbon dioxide mitigation.  
Microalgae can be cultivated in open ponds systems or closed Photobioreactors. Both 
methods are technically feasible. PBRs provide much greater oil yield per hectare and 
more controlled environment than open ponds. However, PBRs are more expensive than 
open ponds systems. In Open ponds systems the strains are exposed to contamination by 
other microorganisms.  
The lipid content in algal oil has to be high to achieve sustainable economic performance. 
Although, Nutrient deficiency, typically nitrogen or phosphorous deficiency, is well known 
to enhance the lipid content of algae.  
Harvesting is considered to be an expensive and problematic part of the industrial 
production of microalgae biomass due to the low cell density of microalgae. For these 
reasons, it is desirable to select an alga with properties that simplify harvesting. 
Oil extraction from algae is also one of the most costly processes and determines the 
sustainability of algae-based biodiesel. Best costly feasible methods combine chemical 
extraction solvents and mechanical extraction and in some cases dewatering of biomass is 
required.    
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The best microalgae candidates for biodiesel production are the strains showing the best 
combination of biomass productivity and lipid content. These are marine green algae 
members of Nannochloropsis. However, further experimental study of productivity factors 
remains to be generated.   
The reaction to produce biodiesel from microalgae is called acid transesterification 
reaction of microalgae oil. It is carried out using sulfuric acid as a catalyst and methanol to 
yield methyl esters and glycerin. The use of acid is due to the presence of acidity in the 
fatty acids of algal oil.    
The parameters affecting methyl esters formation are reaction temperature and time, the 
amount of catalyst, the amount of alcohol, water content and free fatty acid content.  
Economic systems to produce biodiesel from microalgae need to be improved 
substantially to make it competitive with conventional diesel fuels.  
 
Experimental Conclusions: 
In conclusion, the main problems in the experimental procedure have been found in the 
separation of glycerin from biodiesel and the possible formation of soap moieties due to 
humidity or fatty acid presence in the samples.  
In ethanol-based biodiesel production, the separation of glycerin from ethyl esters, is more 
difficult and take more time than that of methanol-based process.   
The results of biodiesel production at the studied conditions show that a reaction time of 1 
hour is enough to get high yield. An increasing of the reaction time up to 2 hours does not 
enhance the yield.  
The obtained results show that with a temperature of 40 ºC a high yield of biodiesel was 
obtained. An increasing of the temperature up to 50 ºC did not result in significant higher 
yield.   
In general, an increasing of the amount of alcohol (from a ratio EtOH/oil from 5.4 to 7.2) in 
the studied conditions results in an increasing of the yield of biodiesel. When the ratio 
EtOH/oil was increased to 8.6 (120 ml EtOH and 250 ml oil) the reaction did not take 
place.   
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For 250 ml oil an amount of 1 g NaOH (ratio NaOH/oil= 0.1) it is enough reach a high yield 
of biodiesel.  Using 2 g KOH with 200 ml oil (ratio KOH/oil = 0.2) a high yield of biodiesel 
was obtained. A small increase of the amount of catalyst does not produce significant 
alteration in the yield. 
Some experimental errors have been led and some inconsistent results did not allow us to 
study properly the effect of different variables. Especially some experiments with KOH 
have been repeated three times or more to get correctly separation of glycerin and 
biodiesel.   
     
5. Nomenclature 
 
ASTM D6751-09: American Society for Testing and Materials. United States Standard 
Specification of biodiesel 
ASP: Aquatic Species Program 
ATP: adenine tri-phosphate  
B20: petrol containing 20% biodiesel 
B100: pure biodiesel 
CO: carbon monoxide 
CO2: carbon dioxide 
CN: cetane number 
CP: cloud point 
EBB: European Biodiesel Board 
EN 14214: European Standard Specification of biodiesel 
EtOH: Ethanol 
FAME: fatty acid methyl ester 
FFA: free fatty acids 
HC: Hydrocarbons 
89 BIODIESEL FROM MICROALGAE 
HHV: higher heating value 
KOH: Potassium hydroxide 
NaOH: Sodium hydroxide 
NADPH: Nicotinamide adenine dinucleotide phosphate 
NOx: Nitrogen oxides 
PAR: photosynthetically active radiation 
PBRs: Photobioreactors 
PP: pour point 
SOx: sulfur oxides 
WCO: waste cooking oils 
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